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Abstract
This dissertation presents the synthesis and application of nanodiamond based materials
for electrochemical biosensors. In this research work, nanodiamond particles have been used to
prepare doped and undoped nanocrystalline diamond films, and conducting polymer composites
for enhanced biosensing.

The performance of the synthetized materials towards sensing

applications was evaluated against glucose amperometric biosensing. Besides, cholesterol
biosensing was attempted to prove the capabilities of the platform as a generic biosensing
substrate.
Biosensors have been proved to provide reliable detection and quantification of
biological compounds. The detection of biological markers plays a key factor in the diagnosis of
many diseases and, even more importantly, represents a major aspect in the survival rate for
many patients. Among all of the biosensors types, electrochemical biosensors have demonstrated
the best reliability to cost ratio. Amperometric biosensors, for example, have been used for
decades as point of care sensing method to monitor different conditions such as glucose. Despite
the amount the research presented, the sensitivity, selectivity, stability, low cost and robustness
are always driving forces to develop new platforms for biosensor devices.
In the first phase of this dissertation, we synthesized undoped and nitrogen doped
nanocrystalline diamond films. The synthetic material was thoroughly studied using different
material characterization techniques and taken through a chemical functionalization process. The
functionalization process produced a hydrogen rich surface suitable for enzymatic attachment.
Glucose oxidase was covalently attached to the functionalized surface to form the biosensing
xi

structure. The response of the biosensor was finally recorded following voltammetry and
amperometric techniques under steady state and dynamic conditions. The experimental results
demonstrated that conductivity induced by the doping process enhanced the sensitivity of the
sensing structure with respect to the undoped substrate. Also, the functionalization procedure
showed strong bonding to avoid enzyme leaching during the measurements.
Later, in the second phase of this dissertation, the nanodiamond particles were used as
filler for conducting polymer composites. The objective for developing these composite
materials was to overcome the high resistivity observed for nanocrystalline films. The
experimental results demonstrated that the inclusion of nanodiamond particles increased the
sensitivity of the overall structure towards the quantification of glucose with respect to the
nanocrystalline films and the bare polymer. Besides, the experiment showed a noticeable
enhancement in the signal-to-noise ratio and the mechanical stability of the sensing platform due
to the nanodiamond addition. The best structures from the previous experiments were further
grafted with iron oxide nanoparticles to attempt signal amplification. Initial experiments with
nanodiamond based composited showed similar current for low glucose concentrations for two
different active electrochemical sensing areas. This observation indicates that more area is still
available to transport signal and to enhance even further the sensing action. Oxidation of iron
oxide nanoparticles after initial enzymatic decomposition of glucose has been proved to provide
higher current for the same glucose concentration; thus, creating amplification effect for the
signal. Finally, the toxicity of the nanomaterial synthesized during this dissertation was evaluated
in mammalian cells. The advances in biosensing techniques indicate the potential application of
amperometric platform for continuous implantable devices; hence, the toxicity of the materials
becomes a key aspect of the platform design.

xii

1. Introduction

Chapter 1:
Introduction
1.1

Problem Description and Motivation
The early detection or constant monitoring of biochemical disorders plays an important

role in the medical treatment of many human diseases. Monitoring glucose concentration, for
example, is a key factor to control insulin levels in diabetic patients. Several techniques have
been studied to develop biosensing devices that allow a quick, and reliable quantification of
glucose concentration. In fact, the amperometric glucose enzymatic sensors are the most widely
available sensors in the market, and they represent an excellent example for the potential
applications of electrochemical-based sensors. Despite the amount the research presented, the
sensitivity, selectivity, stability, low cost and robustness are always driving forces to develop
new platforms for biosensor devices.
Given a specific enzyme (or biological recognition agent), the sensitivity, selectivity and
stability of the biosensor are properties tightly bonded to the properties of the matrix used. Thus,
the development of new platform that allows higher active surface areas, better mechanical and
chemical stability, and helps to reduce the potential difference required to quantify the target
analyte is of utmost importance. In this research, we have developed different nanodiamond and
nanodiamond-based polyaniline matrices, in an attempt to find a suitable composite that offers
the best combination of the aforementioned properties.

1

1.2

Research Objective
The overall goal of this research work is to develop a platform that allows highly

sensitive electrochemical quantification of bio-analytes, while keeping signal robustness and
mechanical stability. To accomplish the main goal, different materials were studied through the
development of the dissertation, always in light of the following specific objectives:
•

To develop effective covalent attachment of enzymatic recognition layers onto the
electrodes, aiming for an optimal distribution that makes the maximum number of
active centers available for enzymatic activity.

•

To maximize the electrode active surface area to improve the sensitivity of the
integrated device.

•

To improve the mechanical stability of the electro-active material used to support the
sensing activity.

•

To analyze potential toxic effects of the materials used in the supportive matrix to
evaluate potential future applications, such as implantable devices.

•

To evaluate the performance of the developed platform against interfering compounds
for robustness and for different analytes (i.e. glucose and cholesterol) to determine its
capabilities as a generic biosensor platform.

1.3

Overview of Nanodiamond Based Materials

1.3.1

Introduction
Nanodiamond, both nanoparticles and nanofilms, for biomedical applications has been an

active research area in recent years as a consequence of its unique structures, surface chemistry
and physical properties that make this material highly desirable for interaction with biological
structures 1. Nanodiamond particles conserve many of the attractive properties of their
2

macroscopic equivalent, but at a cheaper cost for industrial production 2. Nanodiamond exhibits
key properties such as notable hardness, high Young’s modulus, chemical stability, and high
thermal conductivity and electrical resistivity. Nanodiamond also displays notable properties
related to its nano metric size: their quasi-spherical shape provides a high specific surface area,
with a prominent absorption capacity; exceptional biocompatibility due to its chemically inert
carbon core and a very attractive fluoresce behavior due to the presence of nitrogen vacancies
(type I with 0.001-0.300 % nitrogen) 3. Table 1.1 summarized the most relevant properties of
nanodiamond; these properties will be further discussed in the following sections.
Table 1.1 - Relevant properties of nanodiamond.
http://www.ioffe.rssi.ru/SVA/NSM/Semicond/Diamond/ 4
Parameter
Number of atoms in 1𝑐𝑚!

Information
Value
1.764×10!"
3.515   𝑔 𝑐𝑚!   

Density
Dielectric constant (10! − 10! Hz)

2.7

Lattice constant

3.567  𝐴

Optical phonon energy

0.16 𝑒𝑉
≤2200 𝑐𝑚! 𝑉 !! 𝑠 !!

Mobility electrons
Diffusion coefficient electrons

≤57 𝑐𝑚! 𝑠

Electron thermal velocity

~10!   𝑚 𝑠

Index of refraction

2.4

Infrared refractive index

n=2.375

Melting point (at pressure 𝑝 = 125𝑘𝑏𝑎𝑟)

4373 °𝐶
0.52 𝐽𝑔!! °𝐶 !!

Specific heat

3

available

at

Table 1.1 (Continued)
Thermal conductivity
Thermal diffusivity

6-20 𝑊𝑐𝑚!! °𝐶 !!
3-11 𝑐𝑚! 𝑠
0.8×10!!   °𝐶 !!

Thermal expansion, linear

44.2×10!! 𝑑𝑦𝑛  𝑐𝑚!!

Bulk modulus
Hardness on the Mohs scale

10

Cleavage plane

{111}
𝐶!! = 107.9×10!! 𝑑𝑦𝑛  𝑐𝑚!!
𝐶!" = 12.4×10!! 𝑑𝑦𝑛  𝑐𝑚!!

Elastic constants at 300  𝐾

𝐶!! = 57.8×10!! 𝑑𝑦𝑛  𝑐𝑚!!
Acoustic Wave Speeds ×10!   𝑐𝑚 𝑠
𝑉! = 17.52
𝑉! = 12.82

[100]

𝑉! = 18.32
[110]

𝑉!|| = 12.82
𝑉!! = 11.66
𝑉! = 18.58

[111]

1.3.2

𝑉! = 12.06

Fabrication and Treatments of Nanodiamond Particles
Nanoscale diamond particles could be fabricated through different methods. A simple

method consists of milling larger synthetic or natural microdiamond and then separating the
obtained material using centrifugation action 5. Currently, nanodiamond particles are mainly
produced at industrial scale by detonation procedures, a technique developed at the former USSR
4

during the middle of 20th century, later this technique was adopted by several companies
worldwide that offers different types of nanodiamonds. Basically, an explosive mixture is used to
create shockwaves that induced the transformation of graphitic material into nanodiamond
crystals. The circular shockwaves mainly converts and stabilizes the initially fed carbon sp2
material to diamond sp3. A typical explosive gas mixture contains trinitrotoluene (TNT),
hexogen and octogen leading to high content of diamond sp3 in the obtained soot due to the lack
of oxygen in the reaction atmosphere 6. Although a high yield is obtained with the detonation
process, the soot material usually is tightly agglomerated and contains impurities that degrade the
quality of the nanoparticles. Figure 1.1 shows a schema of the potential soot material content and
the current nanodiamond material available in the market. Hence, a set of standard purification
procedures has been established for commercial detonation nanodiamond.

Figure 1.1 - Tentative scheme of major structural components of detonation soot (left) and
commercial DND product (right). From 6 with permission, copyright clearance is provided in the
Appendix B.1.
Detonation nanodiamond soot generally contents cluster of particles ranging from
nanometer size to few microns. An initial treatment using sonication action can be performed to
remove loosely bond agglomeration; however, core agglomerations bonded by incombustible
impurities requires more aggressive methods. Several methods have been reported to de5

agglomerate the aforementioned clusters or to obtain single digit diamond nanoparticles
Among them, the methodology reported by Pentecost et al

5

5,7–9

.

represent special interest due its

simplicity and capability to produce single digit nanodiamond particles. To reduce the
agglomerated cluster, the authors process the material in presence of water-soluble salt and sugar
(sodium chloride and sucrose) inside a temperature controlled milling chamber. The temperature
control during the process plays an important role to avoid thermal damage to the particles.
Figure 1.2 shows the schematic of the process. Since the salt/sugar milling powers is softer that
the nanodiamond core, the methodology allows to focus the force on the non-carbon bonding
impurities without damaging the diamond surface. This method demonstrated suitability to
produce a stable water solution of 10 nm diameter particles, equivalent to 1 or 2 nanodiamond
cores per particle.

Figure 1.2 - Schematic of the media assisted dry milling deaggregation process. Adapted with
permission from 5, copyright clearance is provided in Appendix B.2.
Other methods to reduce the tendency to agglomerate of the nanodiamond particles
include chemical treatments to modify the surface chemistry of the particles. For example, a
methodology based on surface annealing and carboxyphenyl functionalization has been recently
reported. Experimental results showed that the methodology is capable of producing stable
nanodiamond solutions in different polar and non-polar solvents, with an average diameter close
6

to 20 nm. No mechanical action was used in this methodology; hence, the problems associated
with the abrasion of the diamond nanoparticles are not present in this process. Figure 1.3
displays the schematic of the arylation pathways of nanodiamond particles proposed in the
above-mentioned research work.

Figure 1.3 - Arylation of detonation diamond after surface annealing at high temperature.
Reprinted with permission from 8, copyright clearance is provided in Appendix B.3.
In general, all of the methods previously described demonstrate the wide range of options
for size, and surface chemistry available while producing nanodiamond particles. Each
combination provides unique properties (Table 1.1) and allows the use of these particles in
several applications, from mechanical lubrication to biomedical drug delivery.
1.3.3

Fabrication of Nanodiamond Films
Since the attractive properties of diamond are known, several attempts have been done to

synthetize it at the industrial scale. Part of the challenge is to produce a “clean” or low impurity
content diamond material that allows a quick translation into practical application, avoiding
7

time-consuming postproduction treatments. After many years of research and development, two
main techniques are been used routinely

10

. The first technique imitate the natural process that

converts graphite into diamond, here, using a faster conversion rate based on high pressure/high
temperature technique. The second technique was developed based on a chemical vapor
deposition technique; for this case, the conditions allow for operation under low pressure and
relatively low temperatures. A complete description of the mechanism for diamond thin film
deposition using the aforementioned technique is provided in Chapter 2.
In general, two basic forms of diamond films can be synthetized: single crystalline
diamond and polycrystalline diamond film. The formation of each film is tightly related to the
parameters used for the synthesis. Polycrystalline diamond films can be further divided based on
the grain size into microcrystalline, nanocrystalline and ultrananocrystalline diamond films. This
dissertation work is mainly related to the nanocrystalline diamond; however, the other types of
films are briefly described for reference to the reader.
A high pressure/high temperature process is used to synthetized single crystalline
diamond. As it is described in Chapter 2, to synthetize diamond films, a carbon (diamond) seed
is required on the substrate. For single crystalline films, a natural or a synthetic diamond film
previously synthesized is used as seeding layer for the new film. For this reason the process of
growing single crystal nanodiamond film is expensive. On the other hand, however, due to the
lattice matching between the seeding layer and the diamond film, this process produce a highly
pure, atomically smooth, and defect free diamond film 11.
Polycrystalline diamond, in all its subdivisions, is mainly grown using chemical vapor
deposition; therefore, it is a more user-friendly technique, and cheaper for industrial
implementation. Further, the seeding material for these films to grow can be diamond

8

nanoparticles obtained by detonation procedures; this fact is a contributing factor for the
currently massive use of this technique 12.

Figure 1.4 - Scanning electron microscopy view of a (A) Microcrystalline film (60° from
vertical) and vertical views of a (B) nanocrystalline film and (C) ultrananocrystalline film.
Reprinted with permission from 13, copyright clearance is provided in Appendix B.4.
Microcrystalline diamond films are grown on substrate with a noticeable lattice mismatch
with respect to diamond. Due to the lattice mismatch for the material involved in the synthesis
9

process, microcrystalline diamond films are refer to be grown hetero-epitaxial

13

. The resulted

film displayed high roughness, typically ranging from 1 to a few microns. If needed,
microcrystalline diamond film can be polished to reduce its roughness; however, this process
significantly reduces the thickness of the film. Figure 1.4A shows an example of a
microcrystalline diamond film under scanning electron microscopy.
The mechanism that describes the deposition of nanocrystalline diamond film is, in
essence, identical to the mechanism that describes microcrystalline diamond films 13. However, a
significantly higher number of nucleation points or diamond seeds are required on the substrate
surface to reduce the grain size of the final film

12,14

. A simple approach to increase the number

of seeding points is to increase the concentration of detonation diamond power in the seeding
solution. Due to the randomly oriented grain facets in the nanocrystalline diamond film, the
morphology of the film presents a cauliflower-like structure

12,15

. Unlike the case of

microcrystalline diamond film, the thickness of the film represents a limitation for
nanocrystalline films in some applications. The continuous growing of the diamond film under
nanocrystalline conditions promotes a columnar development, thus, increasing the grain size to
the micrometer range.

Figure 1.4B shows the cauliflower-like structure present in the

nanocrystalline diamond films.
Ultrananocrystalline films are synthetized in argon rich atmospheres instead of hydrogen
rich environment

11

. Unlike the nucleation based growing process followed by the micro and

nanocrystalline counter parts, ultrananocrystalline diamond film is based on a constant renucleation that allows smaller grain size to be reached. The small size grain also tends to
increase the percentage of non-carbon or non-diamond phases throughout the films

11

;

consequently, reducing its transparency compared to the nanocrystalline size. Besides,

10

ultrananocrystalline is not suitable for semiconducting applications due to its inability to be
doped.
1.3.4

Properties of Nanodiamond
As it was mentioned before, nanodiamond possess several attractive properties that make

this material highly desirable for different applications. The values of some of those properties
have been summarized in Table 1.1. This section is then focused on some of the key properties
included on the table.
•

Hardness: diamond is the hardest material currently known and its nanosized
equivalent also displays this particular characteristic.

Using the Mohs scratch

method, diamond displays the highest level in the scale (10/10). The extreme
hardness exhibited by this material makes it very suitable for coating applications
such as machining tools. Also, as it was shown in this dissertation work, the
mechanical stability of diamond can be used to improve the mechanical properties of
polymer composites 16.
•

Thermal conductivity: diamond has a high thermal conductivity coefficient compare
to other conductor and semiconductors materials commonly used for applications
where diamond is being used (i.e. silicon, silver, gold and copper). Heat transfer is
conducted by phonon transport in this materials and it is close related to the
temperature due to the dependence of lattice vibration with respect to the temperature.
This fact makes nanodiamond a potential material for heat management 17.

•

Optics: nanocrystalline and microcrystalline diamond are optically transparent over a
wide range of wavelength, Figure 1.5d. Further diamond can conserve its
transparency even under high temperature conditions due to its large bandgap (5.47
11

𝑒𝑉) that prevents conduction associated with thermal effects

18

, along with a

moderate refractive index. This characteristic, in conjunction with its mechanical
stability, brings diamond to many optical applications (i.e. silicon photonics) 19.

Figure 1.5 - Scanning electron microscopy image (a) and corresponding confocal map (b) of
deposited nanodiamonds; (c) second-order correlation function demonstrating single-photon
emission from an individual nanocrystal; (d) commercially available single-crystal diamond
CVD plates; (e) a 20 µm × 20 µm confocal map of such a crystal, showing an isolated NV center
and (f) crystallographic structure of the NV center. Reprinted with permission from 18. Copyright
clearance is provided in the Appendix B.5.

Figure 1.6 - Cyclic voltammetry curve for undoped NCD electrode in 0.5  𝑚𝑜𝑙 𝐿!! H2SO4 at
0.1  𝑉  𝑠 !! scan rate. Reprinted with permission from 20, open access article.
12

•

Wide electrochemical potential windows: in electrochemistry, the potential windows
can be measured using the oxygen evolution (or oxidation state) and the hydrogen
evolution (or reduction state) for the specific electrode. As shown in Figure 1.6,
diamond electrodes possess electrochemical potential windows higher than 4 V with
respect to the reference electrode 20. This value is notably higher than other materials
commonly used as electrodes (i.e. platinum, gold and glassy carbon), with a lower
cost of fabrication.

•

Biocompatibility: diamond, both nanoparticles and nanofilms, have been proved to be
highly biocompatible 3,16,21. Its low toxicity is the combination of the mechanical and
chemical stability of the sp3 carbon core, which also correspond to many carbon
structures in biological agents 6. Due to its versatile surface chemistry, it has been
also proved that nanodiamond is capable of readily binding bioactive substances such
as protein and DNA strand 14,22.

1.3.5

Classical Nanodiamond Applications
Since the first synthesis of nanodiamond material a niche of applications have been

developed to take advantage of the diamond bulk material enhanced properties, without the
associated cost of using natural occurring diamond crystals. Some of the classical applications of
nanodiamond materials are discussed herein.
•

Tribological applications: diamond’s thermal and mechanical stability have been
reported to enhance the lubrication action at high temperatures applications
example, Kim et al.

24

23

. For

reported the study of paraffin liquid containing nanodiamond

particles. Their results indicated that the inclusion of diamond nanoparticles reduce
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the overall friction coefficient due to its semispherical shape. Also, nanodiamond
shape acts as rolling contact in lubrication applications.
•

Structural and protective coating for window: due its optical transparency,
mechanical and thermal properties, diamond is used to create windows for
applications where chemical resistance, robustness against wide range of pressure and
low thermal expansion coefficient are needed 18.

•

Raman lasers: diamond’s high thermal conductivity is a key factor in high power
applications. In diamond based Raman lasers, an intense yellow light (𝜆 = 573  𝑛𝑚)
can be created. This light is suitable for skin treatment since the wavelength also
correspond to the absorption band of the oxyhaemoglobin 18.

1.3.6

Nanodiamond for Biomedical Applications
Diamond nanoparticles have demonstrated suitability in biomedical applications such as

bioimaging and gene/drug delivery, overcoming most of the commonly observed limitations for
each application field

25

. On the bio-imaging field, the non-invasive fluorescence technique is

highly desirable for real time in-vivo imaging, however, in many cases this technique faces the
limitation of the background fluorescent auto emission of numerous biomolecules in the cell
such as flavins and collagens 3. In order to mitigate the noise produced by those biomolecules,
several dyes have been used to perform the measurements out of the range for the existing bio
compounds; however, the stability of the dyes present the major limitation in its application for
long periods of time. Nitrogen vacancies in the crystal structure of nanodiamond particle, Figure
1.5f, absorb light at 560 nm and emit fluoresce light at 700 nm, both of the indicated values are
out of the range for the absorption/emission of the endogenous molecules. The applications of

14

nanodiamond in the biomedical field are extensive; in this section, some of the most relevant
current and future application will be discussed.
•

Drug delivery: diamond nanoparticles possess many of the key properties to develop
controlled drug administration systems, Figure 1.7. Among them, nanodiamond is
biocompatible and its rich surface chemistry allows binding several types of active
compounds without introducing critical modifications. Diamond particles also can be
modified to enhance water solubility

3

. It has been also demonstrated that

nanodiamond particles are not only excellent vehicles for drug carrying, but also can
contribute to maintain the drug inside the cell for longer time periods 2. The
aforementioned effect is displayed in Figure 1.7b.

Figure 1.7 - Nanodiamonds and drug delivery; (a) DNA can be electrostatically attached to
nanodiamonds by first covering negatively charged carboxylated nanodiamonds with positively
charged PEI800 molecules; (b) schematic representation of a proposed mechanism for ND–Dox
complexes interacting with a cell; (c) photographs of breast-cancer tumors after treatment with
ND–Dox (top), Dox (middle) and a control (PBS; bottom). Reprinted with permission from 3.
Copyright clearance is provided in Appendix B.6.
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•

Tissue scaffolds and surgical implants: biocompatibility, chemical and mechanical
stability of nanodiamond are some of the properties that call the attention of
researchers in the tissue-engineering field. Diamond can contribute to preserve the
mechanical stability of the engineered scaffold structures or to protect synthetic
prosthesis for longer periods of time 26,27. A recent study published by Moore et al. 28
demonstrated that dental implants containing diamond nanoparticles promote bone
formation after the controlled release of specific proteins.

•

Biomarking: real time imaging and photostability are key factors to understand many
biological processes using non-invasive fluorescent microscopy. Diamond particles
with nitrogen vacancies in the core display bright fluorescent light 3. Hence, the
particle can be used as labeling agent in addition to its carry/delivery tasks. Compared
to other biomarkers, diamond nanoparticles have the advantage of notable mechanical
and chemical stability, tunable surface chemistry, and photostability. Further,
diamond nanoparticles biocompatibility makes them more favorable that quantum
dots 18.

•

Filler for nanocomposite: the exceptional mechanical and chemical stability, and
thermal properties are characteristics that make diamond nanoparticles an attractive
material to fill other matrices. As it will be shown in the following chapters,
nanodiamond particles contribute to the integrity of polymeric films without affecting
other properties such as conductivity

16

. Additionally, literature reports significant

improvements in mechanical strength, wear resistant, and thermal conductivity of
polymeric matrices after nanodiamond inclusion.

16

•

Biosensors: several types of biosensors benefit from the nanodiamond properties.
Table 1.2 summarizes some examples of nanodiamond-based sensing applications.
Diamond is typically used as a transduction layer for many biosensor due to its
semiconductor behavior and tunable chemistry that allows functionalization of the
active surface area with a variety of biological agents

14

. Other specific properties

diamond nanoparticles are also exploited. For example, surface acoustic wave sensors
take advantage of the high propagation speed of sound waves through diamond 29.
Table 1.2 - Some examples of nanodiamond-based biosensing applications
Structure

Analyte

Transduction method

Reference

Dopamine

Electrochemical

30

E. coli

Optical

31

-

Surface acoustic wave

29

Glucose

Electrochemical

32

Glucose

Electrochemical

14

Azathioprine

Electrochemical

33

Nitrogen doped nanodiamond
ultra-micro electrodes
Protein modified nanodiamond
film
Ultrananocrystalline Diamond
Cu(OH)2 nanoflower modified
boron doped nanodiamond
Nitrogen doped nanodiamond
Nanodiamond-graphite/chitosan
film
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1.4

Overview of Biosensors

1.4.1

Basic Definitions
Sensors are devices that record chemical, physical or biological changes and translate

them into usable signals

34

. In general terms, a sensor consists of three main parts: the

recognition layer, transduction phase and signal processing. The recognition layer is where the
initial input to the device occurs; this layer is responsible for the selectivity of the sensor. The
transducer phase is where the initial chemical or biological signal is converted to a usable signal;
this layer is strongly associated with the sensitivity of the overall device. Finally, the signal
processing phase is the stage where the signal is collected, sometimes amplified, processed and
displayed as an indicator of the specific change that has been measured.
Sensitive
biological
element

Input

Transducer

Signal
processing

Information to
final user

Figure 1.8 - Schematic representation of a biosensor
A biosensor is a type of sensor where the recognition layer consists of a biological agent
that serves as receptor. Typically, the recognition layer is formed by enzymes, proteins,
antibodies, nucleic acids, cells, tissues or receptors depending on the analyte to be studied. The
use of biological molecules such as enzymes or single strand DNA as a recognition layer highly
improves the selectivity of the biosensor device due to their natural specificity towards a
particular analyte

35

. Further, the use of biosensors reduces, or even removes, the requirements

for special sample preparation previous to the measurement 36. The performance of a biosensor
depends on many variables; however, most of the variables are tightly related to the interphase
between the recognition and transduction layer. A first key factor is the attachment of the
biological agent onto the transducer surface. The surface of the transduction phase should allow
18

a stable attachment of the biological agent, while keeping its integrity. Also, in this arrangement
the biological agent should be accessible to the analyte

37,38

. The accomplishment of this aspect

will promote the interaction between the recognition agent and the target analyte, thus,
improving the sensitivity of the device 38.
Similar to the chemical sensor, the performance of a biosensor could be evaluated based
on its sensitivity, limit of detection, range for linear and dynamic response, reproducibility of the
response, selectivity and robustness or response to the analyte in presence of interference
components

34,35,37,39

. Additional variables to evaluate the performance of a biosensor may

include the response time, stability during the actual measurement or after a storage period, user
interaction and size.
Each layer of a biosensor has an important role on the overall performance. Their roles
could be divided as follows:
•

The recognition layer should be designed to provide a high selectivity towards the
analyte under study. This layer is the first contact between the analyte and the sensor
device; hence, it is also required to perform a conversion between the variable being
measured (i.e. chemical concentration) and a physical signal. An electrical signal is
the most common output from this layer.

•

The transduction layer provides support to the recognition layer. Also, it serves as
transfer medium between the recognition layer and the data analysis layer. The signal
transfer process in this layer can happen in both directions; thus, non-electrical to
electrical or electrical to non-electrical transmission could occur through this layer.

•

The signal-processing layer finally converts the electrical signal into a readable, easy
to understand, measurement for the user.
19

1.4.2

Types of Biosensors
Biosensors can be classified depending on the characteristics of the layers mentioned in

the previous section. Specifically, the detection mechanism designed in the recognition layer or
the conversion mode of the transduction layer (Figure 1.8) is typically used to divide types of
biosensors.
Based on the mechanism used to complete the recognition or quantification process,
biosensors can be initially divided into biocatalytic sensors and affinity sensors

34

. The

mechanism used in affinity sensors is based on binding interactions between the analyte under
study and the biological element as shown in Figure 1.8. Biological agents for affinity type
biosensors include antibodies, nucleic acids and receptors. This type of biosensor uses the strong
affinity of the binding biomolecules, named as capture probe in Figure 1.8, with a specific target
complementary section that represents the target analyte or, more specifically, the analyte that is
being measured. The binding reaction of this biomolecule is highly specific and affine, thus
creating noticeably sensitive and selective biosensors. The DNA hybridization process, as the
example shown in Figure 1.8, and the antibody-antigen are mainly controlled by thermodynamic
considerations 40,41.
Biocatalytic biosensors, on the other hand, are based on the electroactive products that
are generated from the interaction between the biological agent and the analyte. The later
biosensor type uses enzymes, tissue material or whole cells to compete the catalytic action
required for detection. The mechanism of this type of biosensor could be describe using the
following general equation:

20

Figure 1.9 - Schematic of the detection principle of an affinity biosensor. Adapted with
permission from 34. Copyright clearance is provided in the Appendix B.7.
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(1.1)

For biocatalytic biosensors, the measurement is performed after the biochemical reaction
driven by the macromolecules present on the recognition layer as shown in equation (1.1). The
aforementioned reaction depends on the affinity of the biological agent for the substrate (S1)
(analyte), as well as the robustness of such agent to other substrates that may affect its integrity
(S2). Biocatalytic sensors have been studied for more than fifty years since the initial studies of
Clark et al. in 1962 42. From this subgroup of biosensors, the enzymatic biosensor have received
the highest attention due to its high specify, variety of enzyme-substrate complexes and relative
ease of fabrication and operation of the systems

43

. Different strategies for enzyme catalytic

biosensors are shown in Figure 1.10.
Based on the transduction mode, the biosensors can be classified as electrochemical,
piezoelectric and optical biosensors. Specifically, this dissertation work is focused on
electrochemical-based devises; hence the characteristics of this specific type will be discussed
21

separately. A brief description of other transduction types in biosensors is provided here for
reference to the reader.

a

b

c

d
- - - - - - - + + + + + + +
+

Electrode
Macromolecule

Polymer
Bonding

Figure 1.10 - Common strategies for enzymatic immobilization for catalytic biosensors, (a)
entrapment into a polymer film, (b) surface physical absorption, (c) covalent bonding and (d)
electrostatic forces. Adapted from 34.

Figure 1.11 - Example of a piezoelectric sensor; (a) schematic diagram of the glucose biosensor
based on Mn–ZnO/SiO2/Si Love-mode SAW resonator; (b) the frequency responses of SAW
glucose biosensor; f0 is the initial resonant frequency of the SAW biosensor without glucose; f4,
f10 and f16 denote the resonant frequencies of SAW biosensor when the glucose applied on the
sensitive area under the concentrations of 4, 10 and 16 mM respectively; and (c) schematic
diagram of the SAW glucose biosensor measurement system. From 44 with permission, copyright
clearance is provided in the Appendix B.8.
22

Piezoelectric biosensors, like the surface acoustic wave sensors shown in Figure 1.11,
convert electrical inputs into mechanical displacements of the material platform, and then back to
the electrical domain as an output of the device. In this case, the sensing action is performed in a
sensitive area where the recognition agent is placed. The interaction between the biological agent
and the substrate containing solution induced a change on the moving wave of the material, thus
the calibration is based on the changes observed. For example, in Figure 1.11b, the frequency for
the insertion loss peak shifts as the concentration of glucose changes.

Figure 1.12 - Schematics of localized surface plasmon resonance (LSPR) sensor; (a) metal
nanoparticles are coated on a glass substrate; (b) silver nanoparticles coated with SAMs; (c)
metal nanoparticles are modified as a sensor moiety with an analyte recognition function; (d)
analyte adsorbed onto the nanoparticles through the specific binding of target molecules; (e)
LSPR shift in response to the analyte adsorption. From 45, copyright clearance is provided in
Appendix B.9.
Optical biosensors employ many surface phenomena like absorption, luminescence, and
surface plasmon resonance (SPR). Figure 1.12 displays a typical construction of a SPR sensor
based on localized nanoparticles. In this sensor construction, for example, the nanoparticles are
deposited on the transduction platform by physical absorption or chemical bonding. Typically,
the mentioned nanoparticles are stabilized using additional layers to improve their distribution
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and their reactivity 45. Similarly to the surface acoustic wave sensor, the absorption or interaction
of the analyte with the recognition layer induces a shift of the device signal. However, the signal
shift is measured in wavelength instead of frequency as showed in Figure 1.12e.
Regardless of the remarkable differences in the physical operation principle of the
piezoelectric, optical, and the electrochemical biosensor (described in detail in the next section);
in each case it is possible to identify the three main layers described before: recognition layer,
transduction layer and data processing layer.
1.4.3

Electrochemical Biosensors
An electrochemical sensor is a biosensor with a transduction platform that uses

electrochemical transduction 42. These types of biosensors are considered as chemically modified
electrodes because the conductive, or semi-conductive, material is covered with a biochemical
film specially designed for transduction. As described before, electrochemical biosensors are
built based on three basics layers: recognition layer, transduction layer and data analysis layer.
Although similar to other types of biosensors, electrochemical biosensors offer advantages over
their counter parts. Electrochemical transduction platforms are easy to use, relatively simple in
fabrication, and low in cost 34.
The recognition layer is designed to provide high specificity towards the analyte of
interest. The type of macromolecule functionalized on the sensor usually gives a subclassification. For instance, when the electrode surface is functionalized with antibodies to detect
antigens it is called an immunosensor. If the recognition layer is made with single stranded
DNA, it is called a DNA-based biosensor. Finally, enzyme functionalized electrodes result in an
enzymatic electrochemical biosensor. At this point is important to notice that the electrochemical
biosensor could operate based on catalytic activity or using affinity relationships.

24

Electrochemistry provides several methods for performing biochemical measurements,
thus the electrochemical biosensor could use different strategies to excite the system and to
acquire the signal from it. The most common detection modes for electrochemical biosensors
are: amperometry/voltammetry, potentiometry and conductometry 34,35,42.
The amperometric and voltammetric electrochemical biosensors operate by applying a
potential difference on the working electrode with respect to the reference electrode, and
recording the resultant current in the system. In voltammetry techniques specifically, the
potential difference is scanned for a potential window or range and the current is recorded;
Figure 2.10, Figure 3.4, Figure 3.7 are examples of this technique. As indicated in the figures,
the potential usually scan through cycles, thus the current is also gathered cyclically; however, a
variation of this technique could include a single sweep of the potential defined as linear pulse.
The recorded current in voltammetry, also called cyclic voltammetry, contains peaks that
are proportional to the concentration of the analyte dissolve in the electrolyte. In amperometric
techniques, the current resulting from the oxidation or reduction phenomena is monitored at
constant potential set with respect to the reference electrode. The constant potential is the
characteristic difference of this measurement mode with respect to the voltammetry techniques
explained before. A clear advantage of the amperometric biosensors over the voltammetric
devises is that the current is measured at a constant and specific potential, therefore, the potential
is selective towards the analyte under study

34

. The steady state current recorded from the

amperometric experiment is proportional to the concentration of the analyte, thus the calibration
curves for this experiment could be constructed after a set of concentrations is studied.
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In this dissertation work, the electrochemical characterization, and performance
evaluation for quantification were completed under voltammetric and amperometric modes
exclusively. Other modes are briefly described as reference to the reader.
The conductometry detection mode monitors the changes in the electrical conductivity of
the electrolyte solution containing the analyte, or in the medium platform. These changes are
composed of the solution/media changes during the electrochemical reaction. Electrochemical
biosensors designed using this mode usually contains enzymes whose charged products induce
ionic strength changes that results in an increment of the sample’s conductivity 34.
Potentiometry mode is based on the reading of the potential of the electrochemical cell at
a negligible current condition

34

. A typical construction of these electrochemical biosensors

consists of two reference electrodes that measure the voltage difference across a membrane that
selectively promotes reaction with the ions under study.
1.4.4

Importance of the Materials Used for Electro-Active Matrices

Figure 1.13 - Reaction scheme of the electrochemical oxidation of β-d-glucose catalyzed by GOx
and poly(allylamine) polymer. From 46, copyright clearance is provided in Appendix B.10.
The matrix used in electrochemical biosensors is the transduction layer of the device. The
importance of this layer relies not only on its transduction characteristics but also on its
supportive platform characteristics for the biological agent. Consequently, this material should
26

be designed to provide proper transduction and to allow tight functionalization of the
macromolecules, i.e. covalent attachment of enzymes. Additionally, the use of conducting
polymers promote electrical connections between the active center of the enzymes and the
adjacent biosensor substrate

46,47

. The direct electron transfer between the active centers and the

electrode, is the main characteristic of the third-generation electrochemical biosensors 48.
It is well accepted in the literature that to obtain a stable and adequately high sensitivity,
the transduction platform should be designed considering the following aspects 39:
•

The polymer should be water-soluble and should contain hydrophobic moieties,
charged or hydrogen-bonding domain. This characteristic allowed proper complex
with the enzyme and allow the polymer to penetrate the enzymatic active center.

•

The polymer should not be completely absorbed into the electrode substrate, allowing
most of the chemical chain termination to remain unbound, flexible, and usable to
bind the enzyme.

•

The polymer should be able to create 3D structures to promote rapid diffusion of the
analyte and fast charge transport towards the electrode conduction lines.

Table 1.3 - Examples for the application of conducting polymers and its composites in enzymatic
electrochemical biosensors.
Material
Enzyme
Analyte
Reference
Graphene-PEDOT:PSS

Glucose oxidase

Glucose

49

Poly(thiophene-3-boronic acid)

Glucose oxidase

Glucose

50

Poly(4-(2,5-di(thiophen-2-yl)-1Hpyrrol-1-yl)benzenamine)
Polyaniline

Acetylcholinesterase
and choline oxidase
Polyphenol oxidase

Paraoxon-ethyl

51

Catechol

52

Poly(3,4-ethylenedioxythiophene)

Tyrosinase

Dopamine and
cathecol

53
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The transduction platforms based on conducting polymers present several advantages due
to their notable electrical interaction with metallic and carbon based conduction lines and
because of their accepted biocompatibility which helps to create a suitable environment for
enzymatic, or other macromolecules, functionalization 54. The research to create new and better
materials platforms have been very active in the recent years, Table 1.3 shows some of the
articles recently published that demonstrate the wide applications of polymers and their
composites in electrochemical biosensors.
1.5

Dissertation Organization
This dissertation is structured into six chapters, with the first and sixth chapter

corresponding to the general introduction, and conclusions and future work, respectively. Main
research contributions and experimental work are described in chapters two through five.
Chapter 2 presents the synthesis, characterization and application of nanocrystalline
diamond, both un-doped and nitrogen doped, towards the development of a glucose biosensor.
There, the basics of the formation of nanocrystalline diamond films using chemical vapor
deposition are presented, providing detailed information regarding the seeding pretreatments as
well as the process parameters. Thereafter, chemical functionalization of the diamond and the
covalent attachment of the enzyme are described. Finally, characterization of the material and the
electrochemical response of the functionalized electrodes are discussed. Information presented in
this chapter has been already published in reference

14

. The corresponding copyright release is

available in Appendix A.
Chapter 3 presents the synthesis of a nanodiamond-polyaniline conducting composite for
electrochemical biosensing. In this chapter, the effects of the inclusion of nanodiamond particles
are thoroughly studied using atomic force microscopy and electrochemical techniques. A
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description for imprinted electrode fabrication is also introduced. Later, the enzymatic
functionalization of the different materials under study is described. Finally, the chapter presents
the evaluation of the functionalized electrode as glucose sensors using chronoamperometric
experiments.
Chapter 4 describes the synthesis and application in electrochemical biosensing of iron
oxide nanoparticles (Fe3O4). The implications of the addition these particles are evaluated using
the same electrochemical technique used in chapter 3, and the comparison are presented.
Thereafter, the functionalization with glucose oxidase is described, and the performance of the
electrodes towards the quantification of glucose is presented and discussed with the results
previously obtained in Chapter 2. Finally, the capabilities of the newly develop platform to
quantify cholesterol, after proper functionalization, are shown.
Chapter 5 describes the evaluation of the toxic effects of the nanodiamond-polyaniline
composite in human embryonic kidney cells (HEK293). This chapter presents adhesion and
viability tests for the cells cultured in presence of the composite materials. Finally, this chapter
also describes the toxic effects of the materials under study against Escherichia Coli bacteria
strain. The information presented in this chapter has already been published in reference 16. The
corresponding copyright release is available in Appendix B.
1.6

Contributions
The main contribution of this dissertation work is the synthesis and systematic analysis of

nanodiamond-polyaniline conducting composites for electrochemical biosensing applications.
Here, the influence of the nanoparticle addition in the surface active area was studied using both
roughness comparisons as well as electrochemical methods based on the Randles–Sevcik
equation. An imprinted electrode containing the working and the counter parts of a standard
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three electrode cell was designed and fabricated to optimized the use of biological agents and to
maintain geometrical symmetry between experiments.
Study of the toxic effects of the single materials (nanodiamond and polyaniline) as well
as composites on human epithelial kidney cells and Escherichia coli bacteria strain. This work
was performed based on the analysis of adhesion and viability tests under controlled conditions.
Synthesis, characterization, and application of both intrinsic (un-doped) and nitrogen
doped nanocrystalline diamond towards the development of glucose electrochemical biosensor.
This work presented the physical, chemical and electrochemical characterization of
nanocrystalline films before and after enzymatic functionalization.
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2: Conducting nanocrystalline diamond films for electrochemical biosensing

Chapter 2:
Conducting Nanocrystalline Diamond Films for Electrochemical Biosensing*
2.1

Introduction
Nanodiamond (ND) possesses a unique combination of properties i.e., mechanical

stability, chemical inertness and biocompatibility which makes it highly suitable for applications
in medicine and biosensors

55–58

. Nanodiamond has provided a unique platform for bio-

conjugation with DNA, metalloprotein, antigens, and enzyme molecules

59–63

. Due to the

outstanding electrical, electronic, and electrochemical properties of nanodiamond film, the
possibility to operate in a chemically harsh environment is favored as a promising alternative
transducer material for chemical and biological sensing

64,65

. Recently, enzyme-modified

diamond sensors have been realized for the detection of urea and pH of solutions 66. Besides, the
highly pH-sensitive properties of O-terminated ND have been used to develop an EDIS penicillin
sensor application 67. Literature suggested that the higher surface area-to-volume ratio of ND and
the delicate balance of sp2–sp3 inherent in these composites allow a highly active electrode
material to be generated

68

. The high strength of C–C bonds as well as the established

biocompatibility makes diamond a particularly attractive substrate for biosensor applications
69,70

. Therefore, nanocrystalline diamond film was layered on a doped silicon support where the

enzyme Glucose oxidase (GOX) was immobilized.

*

Information showed in this chapter has been published in reference 14. P. Villalba, M. K. Ram,
H. Gomez, A. Kumar, V. Bhethanabotla, and A. Kumar, “GOX-functionalized nanodiamond
films for electrochemical biosensor,” Mater. Sci. Eng. C-Mater. Biol. Appl., vol. 31, no. 5, pp.
1115–1120, Jul. 2011
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In this study, we are proposing an integrated solution for the detection and quantification
of glucose to offer advantages of higher sensitivity, capability of single or multiple detection
capability, ease to use, ease of signal processing with better sensor-signal integrity, smaller in
size, compatibility to be integrated into a micro/electronics system, and much reduced system
cost. When a GOX immobilized structure interacts with glucose, the interaction leads to the
production of H2O2, which is amperometrically sensed. The aim of the present study was to
investigate the effect of the enzyme on surfaces of ND. GOX enzyme is chosen to understand the
GOX interaction with nanodiamond films using several physical techniques i.e., Raman
spectroscopy, Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM)
and electrochemical studies. To understand the interaction of the enzyme with nanodiamond we
chose doped and undoped nanodiamond deposited on doped n-type silicon substrates. The
surface-oxidizing procedure of ND thin films as well as the seeding and ND growth process on a
Si substrate has provided understanding of the glucose sensor.
2.2

Synthesis of Nanocrystalline Diamond Films
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Figure 2.1 - Schematic representation of the chemical vapor deposition reaction of
nanocrystalline diamond films. Adapted from 71.
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The growth of diamond thin films, both intrinsic and conducting, is performed by
chemical vapor deposition (CVD). The process implies the exposition of a solid substrate to a
predetermine atmosphere containing the precursors, usually methane and hydrogen. The reaction
triggered after the addition of an energy source produced the deposition of a solid film on the
substrate. Literature reports that hot filaments and microwave enhanced plasma systems are the
most common energy sources used 72. Additionally, for the diamond CVD process to occur it is
necessary to have a carbon content surface; which could be a previously deposited film using a
different method or nanodiamond seeds that acts as nucleation centers for the deposition process.
The reaction mechanism of diamond CVD has been previously studied and reported in a
numbers of review articles

71

. Figure 2.1 shows the schematic representation of the gas-solid

chemistry. Basically, the reaction starts after the dissociation of molecular hydrogen into
hydrogen atoms due to the energy input. The newly created hydrogen atoms will activate the
carbon present on the substrate surface, making it able to react with the hydrocarbon molecules
present in the gas phase. This mechanism builds a diamond thin film as the methane molecules
are entrapped into the surface. Under CVD process parameters - low pressure and low
temperature – diamond sp3 structure tends to rearrange into graphite because thermodynamic
conditions favor sp2 bonding over sp3 bonding

73

. Hence, in addition to provide a vehicle to

activate superficial carbon, hydrogen plays an important role in stabilizing the diamond
tetrahedral lattice showed in Figure 2.2. Previous studies reports that atomic hydrogen helps to
stabilize the thermodynamic unfavorable sp3 bond by promoting links between vibrating sp3 and
more favorable sp2 bonds

74

. The dilution of methane, or any other hydrocarbon, in hydrogen

also helps in cleaning the film as it is built due to the high etching rate of graphite by hydrogen
compare to the rate for diamond sp3; so basically an excess of atomic hydrogen will tend to
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remove potential graphite clusters from the film surface. Finally, argon gas is used to generate
the plasma for the reaction to occur as well as to sustain a controlled environment for the
deposition reaction.

Figure 2.2 - Tetrahedral crystal structure of diamond (left) and 3D diamond cubic crystal
showing the predominant (100), (110) and (111) faces.
As it was stated in Chapter 1, electrochemical methods are based on the measurements of
electrical signals associated with reactions specific to the substance under study. The
aforementioned reactions occur at the interphase solid-liquid of the working electrode. The
ability of the solid, more specifically of the material forming the supporting matrix, to gather and
transmit electrons after each step of the reaction is critical for the electrochemical sensor’s
performance. Diamond nanocrystalline films could be doped using nitrogen to introduce semimetallic like electronic properties.
The addition of nitrogen gas to the gas atmosphere CH4/Ar has demonstrated the ability
to introduce semimetal-like characteristics to nanodiamond films without addition of hydrogen
gas, or in some cases small amount of it. The conductive behavior of doped diamond films
depends on the doping material. For boron doped (p-type), for example, the conduction is based

34

on a substitution mechanism in which a boron atom replaces a carbon atom in the lattice,
creating an electron hole in the band gap 20. Meanwhile, conductive behavior in nitrogen doped
diamond films is due to a large amount of deformation after the inclusion of molecular nitrogen
into the diamond lattice

75,76

. Basically, single crystal diamond is a non-conductive ceramic but

the carbon atoms present throughout the boundaries between singles grains are π-bonded,
therefore, forming a conductive path. The inclusion of nitrogen into the lattice forces a transition
in the diamond film, from large crystals to smaller crystal structures, increasing at the same time
the number of conductive boundaries and consequently the bulk conductivity of the film.

Figure 2.3 - Transmission electron microscopy images of commercially available nanodiamond
particles.
Nanocrystalline diamond (ND) films used in this work were synthesized using plasma
enhanced microwave power technique (MPECVD) on silicon wafers. All silicon wafers were
initially treated to form a SiO2 layer to avoid conduction from the backside of the final chip. The
polished side of the wafers is exposed using buffered oxide etch (also known as buffered
hydrofluoric acid) solution. All samples were thoroughly clean using acetone, methanol and diwater. In order to create the initial carbon-containing surface, the silicon substrates are dipped in
an abrasive seeding solution, containing nanodiamond (ND) particles. ND particles were
obtained from ITC (International Technology Center) and used without further modifications. As
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Figure 2.3 shows, ND particles are 5 to 6 nm diameter core in a very tight clustered distribution.
Additionally, titanium is also added to the solution to promote film growth

12

. For the seeding

solution, 1.2g of nanodiamond power and 1.2g of titanium power are dissolved in 100ml of
acetone.
Table 2.1 - Characteristic of the microwave plasma enhanced chemical vapor deposition system
Plasma source size
4in
Microwave generator power 6KW
Substrate heating

Up to 800°C

Available gases

H2, N2, CH4, Ar

The abrasive action is carried out by sonication for 20 minutes in the seeding solution to
allow the nanodiamond particles to scratch and deposit onto the silicon surface. Later, the
substrates were cleaned twice for 20 minutes in fresh methanol to remove any loose
nanodiamond particle that may cause adhesion problems in the final film. These two cleaning
steps also help to remove impurities from the silicon substrate. Between steps, all samples are
rinsed using acetone, methanol and distilled water; then dried under pure nitrogen gas.
Deposition process was conducted using microwave enhanced plasma chemical vapor
deposition on Cyrannus IPLAS reactor. Characteristics of the reactor used are summarized in
Table 2.1. Two different sets of process parameters were used to deposit the films. Intrinsic, or
non-conductive, ND films were synthetized using a gas mixture containing 0.5% of CH4, 1% of
H2. Meanwhile, nitrogen doped ND films were synthetized under 1% CH4, 20% N2 and 79% Ar.
The total gas volume for the process gas feed was 780 sccm and 200 sccm respectively. For both
films, the chamber was pumped down to 0.05 Torr in order to remove all oxygen present after
exposing the internal chamber to the environment.
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Figure 2.4 - Microwave plasma enhanced chemical vapor deposition system
The substrate is kept at 750°C to promote proper adhesion of the ND film as well as to
reduce residual tension or compression stress between the newly deposited film and the
substrate. Residual stresses could lead to adhesion problems or even delamination of the ND
film. The complete set of experimental parameters for CVD process is summarized on Table 2.2.
Four probe resistivity measurements demonstrated the positive impact in the bulk
conductivity of the films due to the inclusion of nitrogen to the feed gas. Resistivity values for
the intrinsic films resulted in an overload for the instrument for the reading to be considered
accurate. Once the films are deposited all wafers were diced off to obtain uniform electrodes of
20mm length and 10mm width. Each electrode is treated with an electrical isolation film to
restrict the geometric active area to 100mm2.
In the present study, we have successfully functionalized nanocrystalline diamond films,
both intrinsic and nitrogen doped, with glucose oxidase for direct enzymatic detection of glucose
in phosphate buffer saline solution (PBS).
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Table 2.2 - Deposition parameters for intrinsic and nitrogen doped nanodiamond films
Variables
Intrinsic ND Film Conductive ND Film
CH4

0.5%

1%

H2

1%

-

N2

-

20%

Pressure

135Torr

100Torr

Power

1800W

800W

Substrate Temperature

750°C

750°C

3h

3h

0.17µm

0.26 µm

-

5.37x10-4 Ω-cm

Deposition Time
Growth Rate
Resistivity

2.3

Enzymatic Surface Functionalization
In order to fabricate the nanodiamond biosensor electrode, all freshly prepared films were

chemically modified and functionalized with glucose oxidase (GOX) enzyme. GOX from
Aspergillus niger (EC number 1.1.3.4, 100000-250000 units/g) was obtained from Sigma
Aldrich and used without further modification.
Initially, the diamond film is exposed to hydrogen atmosphere inside a hot filament
chamber in order to create a dense hydrogenate surface suitable for covalent bonding structures.
During the process the diamond chips are protected for the first 30 min while the carburization
process is done. Carburization process is complete by introducing CH4 in the gas feed, and it is
important to avoid contamination from the tungsten wire. Once the carburization is completed,
the sample is moved close to the wires, and kept there for 30 min to complete the hydrogenation
process. The highly hydrophilic samples are then dipped in 10mM Poly(sodium 438

styrenesulfonate) solution (PSS: Mw ~70,000) to perform sulfonate activation over the its
surface for 10 min. PSS has previously demonstrated in helping to stabilized functional enzymes
due to counterions effects 77.
The GOX lyophilized powder is activated in PBS before film bio functionalization. To
!"

prepare the enzyme stock solution, 100

!"

of the GOX power is dissolved in 1M PBS solution

containing 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-Hydroxysuccinimide
(NHS). 20𝜇𝐿 of the GOX enzyme stock solution is then coated over each of the diamond chips
and let it dry at room temperature. Functionalized diamond electrodes are stored at 4°C for later
use as working electrodes in electrochemical biosensing experiments.
2.4

Characterization of the Films
Figure 2.5 shows a typical Raman spectrum for intrinsic nanodiamond film (ND) and for

nitrogen doped nanodiamond film (NND) 78,79. Raman spectrum was gathered using a Renishaw
MicroRaman Spectroscopy under appropriate sample preparation. The spectrum shows the peaks
at 1334 cm-1 corresponding to the sp3 carbon structure (diamond). The Raman spectrum exhibits
a sharp D band and G band at 1338 and 1575 cm-1, respectively, and the band shift at 1151 cm-1
attributable to transpolyacetylene (TPA) segments present in nanodiamond structures. The D
band in ND appears due to the relaxation in the momentum selection rules of the Raman
scattering process for the small domain-size of graphite. The peak at 1151 cm-1 has been
associated with transpolyacetylene segments at grain boundaries and the surface, whilst other
reports link it to nanocrystalline diamond

78

. The higher G band needs not imply a higher

graphite-to-diamond ratio in the film. The result suggests that the growth conditions have
resulted in a nanocrystalline diamond film with some degree of graphitic inclusions.
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Figure 2.5 - Raman spectra of intrinsic and nitrogen doped nanodiamond films
Figure 2.6 shows the Raman spectrum of the films after enzymatic functionalization.
Here, the Raman spectrum exhibit bands shift at 1140, 1341, 1358 and 1591 cm-1. Interestingly,
there is a larger shift in the NND film attributed due to G band. The band at 1140 cm-1 observed
in NND has been attenuated due to the inclusion of nitrogen in the nanodiamond film.

Figure 2.6 - Raman spectra of glucose oxidase functionalized intrinsic and nitrogen doped
nanodiamond films.
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The surface morphology and characteristics of the ND and NND, as well as the
enzymatic modified films (ND/GOX and NND/GOX) were investigated by atomic force
microscopy using Dimension 3100 Scanning Probe Microscope. Figure 2.8 shows the
characteristic AFM 3D images of NND film and NND/GOX after functionalization. The uniform
diamond grain has been successfully prepared on a silicon substrate by plasma assisted chemical
vapor deposition. The surface of the film has been found to be changed after the enzyme
immobilization. The 3D imaging shows the better view as how enzyme conjugation changes the
surface of nanodiamond.
Comparison of the surface roughness (RMS) of the sample before and after the
functionalization indicate that the enzyme attachment creates a surface mainly formed by smaller
and sharp features with a RMS in the range of 0.4nm; in contrast, RSM for NND as grown by
CVD process was in the range of 25nm. The nitrogen inclusion in the nanodiamond lattice
introduces additional changes in the surface properties of the diamond film.

(a)

(b)

2µm

Figure 2.7 - (a) 2D and section analysis done by atomic forced microscopy of the nitrogen doped
nanodiamond films (NND); (b) Cross sectional scanning electron microscopy image of NND.
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Figure 2.8 - 3D atomic forced microscope of the NND before and after glucose oxidase
functionalization; scan size and the data scale correspond to 10µm, and surface roughness (RMS)
value of 22nm.
The vibrational bands of ND and NND, ND/GOX and NND/GOX deposited on the single
crystal were measured by Fourier transform infrared (FTIR) spectrophotometer (Perkin-Elmer
spectrum 1). The sample chamber of the spectrophotometer was continuously purged with
nitrogen gas for 15-20 min before the data collection as well as during the measurements for the
elimination of the water vapor absorption. For each sample, 8 interferograms were recorded,
averaged, and Fourier-transformed to produce a spectrum with a nominal resolution of 4 cm-1.
FTIR spectra of films were obtained after proper subtraction of a silicon substrate base line.
FTIR spectroscopy is a useful technique for analyzing the functional group present in
diamond

[54,55]

. Figure 2.9 shows the FTIR spectra of ND (a), ND/GOX (b), NND (d),

NND/GOX (e) and GOX (c) deposited on n-type silicon substrate. Figure 2.9(a) observes the
bands at 562, 609, 672, 738, 817, 845, 877, 949, 1034, 1105, 1630, 2390, 2906, 2925 and 3247
cm-1. Figure 2.9(c) shows the bands at 652, 676, 970, 1091, 1196, 1251, 1330, 1427, 1453, 1545,
1595, 1650, 1881, 1908, 2315, 2872, 2935, 3129, 3303, 3592, 3760 and 3809 cm-1.
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Figure 2.9 - FTIR spectra of ND (a), ND/GOX (b), GOX (c), NND (d), and NND/GOX (e)
deposited on n-type silicon after properly subtraction of substrate signal
The band near 1630 cm-1 can be attributed to the O–H bending of physically adsorbed
water and the hydrogen bonding. The assignment is evidenced that GOX shows all bands of αhelix, β-sheet and γ-band indicating that GOX is active on the immobilized ND and NND
surface. The adsorption of GOX nanodiamond is established through electrostatic attraction
between the surface-terminated anionic groups (–COO-) and the positively charged amino groups
(–NH3+) in the protein. The C-O band appears at 1775 cm-1 in GOX film. Figure 2.9(b) shows
the characteristics bands due to the vibrations of the enzymatic backbones located at 1650–1700
cm-1 from the C-O, C–N stretching (amide I), 1540–1595 cm-1 from N–H deformation and C–N
stretching (amide II). In addition, a peak near 3203 cm-1 can also be attributed to N–H stretching
(amides A, B).
The spectral band of free water lying in the same spectral ranges, 1350–1750 and 3692–
3802 cm-1, can complicate the attribution. All amide frequencies are conformational-sensitive.
The wide peak with a maximum at 3303 cm-1, observed for pure enzyme, splits to 2 peaks for
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GOX –absorbs with maximums at 3290 cm-1. In Figure 2.9 the IR bands at 1750–1760 cm-1 can
be assigned as C-O stretching mode. In addition, O-H stretching from surface –COOH group
appears near 3710 cm-1; the broad band at 3000–3600cm-1 can be attributed to the hydrogenbonded-OH of diamond on the surface. The bands in the range 700–1450 cm-1 also have been
ascribed for ether-like groups on the diamond film.
Figure 2.9(d) shows peak for nitrogen doped nanodiamond films at 585, 738, 1043, 1297,
1423, 1518, 1560, 2358, 2957, 3366, 3731, 3781 and 3848 cm-1. Interestingly, the FTIR spectra
of NND/GOX film, Figure 2.9(e), show bands similar to the undoped one with exception of little
difference due to less degree at 3245 and 3360 cm-1. The surface bonded enzyme could change
its conformation upon adsorption to a substrate. So, the observed splitting can be connected with
some conformational alignment of protein at adsorption on some structured matrix in nitrogen
doped diamond.
2.5

Results
Figure 2.10 (left) show the cyclic voltammogram of NND film deposited on n-type Si as

the working electrode, Pt as the counter and Ag/AgCl as the reference electrode, while Figure
2.10 (right) show the cyclic voltammogram of NND/GOX film as the working electrode, with
the same counter and reference electrode. In Figure 2.10, the cyclic voltammogram (CV) has
been studied at different potential ranges varying from -800mV up to 2000mV in NaCl as an
electrolyte to understand the stability of the film. The closed and reversible CV in this figure
reveals that doped nanodiamond is electrochemically stable in a wide range of NaCl electrolytes
over a potential range from -1 to 2V. A similar effect has been observed for ND-film (figure not
shown). The Faradic components for each voltammogram are practically the same. Further, in
order to understand the effect of electrolyte of NND film, the CVs measurements have been
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conducted in different electrolytes as shown in Figure 2.10 (left), i.e. potassium ferrocynide+,
KCl, NaCl and HCl solutions, respectively. The reversibility observed in CV is the indicative
that NND is electrochemical active material. Somehow, a regular pattern in NaNO3 electrolyte is
not observed in Figure 2.10 due to resistive effect of NND film under this electrolyte. The
excellent reduction and oxidation in several electrolytes show that the NND films could be an
excellent matrix for electrochemical analysis.

Figure 2.10 - Cyclic voltammetry of NND in different electrolytes (left) and cyclic voltammetry
response of the NND electrode for different potential windows.
Figure 2.11 shows CV of NND/GOX on N-Si as the working electrode, Pt as the counter
and Ag/AgCl as the reference electrode. The electrodes have been tested in phosphate buffer
(PBS) containing 0.1M NaCl, 0.01 M HCl , and Fe(CN)6, where each system shows the closed
loop CV. The degree of insulation is examined using cyclic voltammetry with a permeable redox
couple K3Fe(CN)6 as the electrolyte solution. Nanodiamond films demonstrate reversible
kinetics during electrochemical analysis with low Faradaic current and high signal to background
ratio. This indicates the structural stability of the NND films on diamond surface. Interestingly,
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we have not observed the insulating property of the electrode in either NND/GOX or ND/GOX
film surfaces suggesting that the modified surface is well suitable for the sensor application.

Figure 2.11 - Cyclic voltammetry of NND/GOX in different electrolytes; inset: cyclic
voltammogram of NND/GOX in different glucose concentrations.
The inset in Figure 2.11 shows the CV of NND/GOX film as the working electrode, Pt as
the cathode and Ag/Ag/Cl as the reference electrode in 10 mM PBS buffer with addition of
different amount of glucose under steady state condition. The reversible CV is observed as well
as some shift of CV from left to right indicating that the enzyme is active on the surface.
Later, the enzyme modified NND electrode is immersed in 10 mM PBS solution with Pt
as the counter and Ag/AgCl as the reference electrode. Figure 2.12 also reveals the dynamic
response of the sensor against a change concentration of glucose with NND/GOX electrode.
Figure 2.13 shows the calibrated curve of typical response of N-Si/NND/GOX and NSi/ND/GOX electrode based on the amperometric result addition of each concentration of
glucose in the measuring electrochemical cell.
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Figure 2.12 - Chronoamperometric response of NND/GOX against a serial of changes in glucose
concentration.
The response current of 0.05 mM glucose on NND/GOX electrode is higher than the
ND/GOX based electrode. In both cases, Figure 2.13 shows the linear response of the enzyme
electrode to glucose observed from 1x 10-6 M to 8 mM with a response time less than 2 minutes.
The detection limit is 0.05 x 10-6 M at the signal to noise ratio is three. According to Lineweaver
–Burke form Michalis–Menten constant KM entrapped enzyme has been estimated to 10mM.
Interestingly, ND/GOX has also shown the linear response to glucose concentration in Figure
2.13(b). The magnitude of current observed for ND/GOX is different than that measured in
NND/GOX film as a consequence of the conductivity of the electrode. Despite the differences in
the conductivity of the probes, the sensors dynamic response is similar in NND/GOX and
ND/GOX, but the NND/GOX probe demonstrate more sensitivity during the experimental trials.
Further, we have tested the sensibility of the electrode, and are found to respond after a 2
month of immobilization. Detailed studies on the stability and sensitivity of the fabricated
biosensor have been carried out for two months. The GOX does not leach or desorb from the
immobilized diamond electrode, and electrode has been found to be stable.
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Figure 2.13 - Calibration curves for glucose concentration using (a) NND/GOX and (b)
ND/GOX
2.6

Summary
This chapter presented the synthesis and application towards glucose sensing of doped

and un-doped nanocrystalline diamond films. The results indicated that the as-prepared
nanodiamond could be stable, biocompatible and useful for biosensing applications. Our results
have revealed that nanodiamond film can absorb glucose oxidase effectively due to the high
surface to bulk carbon atoms available for immobilizing biomolecules. The prepared nitrogen
doped and undoped diamond films deposited on silicon substrates are studied using FTIR, AFM
and Raman studies. The linear response of the enzyme electrode to glucose is from 1 x 10-6 M to
8 mM with response time less than 2 minutes. The film material, morphology and film
fabrication condition and immobilization conditions has been found to affect the electrode
performance. Further electrochemical characteristics of the nanodiamond allow developing a
sensitive glucose biosensor.
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3: Nanodiamond-Polyaniline composite electrochemical biosensor

Chapter 3:
Nanodiamond-Polyaniline Composite Electrochemical Biosensor
3.1

Introduction
Early and accurate detection of life threatening physiological indicators are key aspects

for the treatment of many diseases. Glucose enzymatic sensors, for example, have proved to help
in improving the life quality of diabetic patients

82

. Biosensors offer the advantage of easy

monitoring of a variety of biochemical disorders in a portable platform. In this field, the enzymebased sensors represent an attractive detection platform due to its high specificity and relatively
simple fabrication process 34. One of the key aspects of the biosensors performance is the ability
to immobilize the enzyme on the material platform in a very stable fashion. Physical adsorption
and covalent attachment of a number of enzymes have been reported for conducting nitrogen and
boron doped nanodiamond films 14,83–85. However the number of intermediate surface treatments
and the high resistivity of the doped diamond films have limited its applications. Conducting
polymer, on the other hand, has demonstrated to be a very suitable matrix for enzymatic
functionalization

86

. Unlike the case of nanodiamond films, the polymeric films allow the

enzyme to be attached by entrapping during the polymerization process, or by using click
chemistry targeting the functional peripheral group of the polymer chain 34,37,39,87,88. Despite this
fact, polymeric matrixes present low mechanical stability, especially in aqueous solutions, which
could limit the potential applications of the biosensor 16.
Among the conducting polymers; polyaniline (Pani) is of special interest due to its high
conductivity on the protonated state form, environmental friendly stability and notable
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electrochemical reversibility 86. The aforementioned properties could be combined with the high
mechanical stability offer by the nanodiamond particles into composite materials that exhibit
enhanced characteristics 16. Carbon based polyaniline composite materials have previously been
studied for supercapacitor applications due to their remarkable stability, high conductivity, and
large pseudo capacitance, which could be associated with a large active surface area 89–91. More
specifically in the biosensor field, nanodiamond-polyaniline composite synthesis was previously
reported by Zang et al.

92

. The effect of the supporting solution strength was readily analyzed.

However, to the best of our knowledge, the effects of the nanodiamond inclusion over the
electro-active surface towards a biosensing application, have not been addressed.
In this research work, we prepared and characterized nanodiamond-polyaniline (NDPani) composite using electrochemical procedures. The materials were deposited onto housemade imprinted electrodes containing the working and the counter electrodes. Different
concentrations of nanodiamond particles have been used to study the effects of the nanoparticle
addition over the polyaniline conductive film. Polyaniline films were also electrochemically
synthesized as baseline comparison for the NDs-Pani films. Glucose oxidase was covalently
attached to the terminal groups of the material platform using EDC/NHS coupling reaction.
Performance evaluation of the materials under study was completed in a 1 mL standard three
electrodes cell.
3.2

Fabrication of Imprinted Electrodes
The electrodes used in this research work were fabricated following standard lithography

microfabrication techniques. Previous to the fabrication process, each 4 inches soda lime glass
wafer was thoroughly cleaned using acetone, methanol and DI-water to remove any particles or
impurities from the surface. All fabrication processes were performed inside the cleanroom.
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Shipley 1813 is the photoresist used to create the patterns for creating the electrodes
section later. First, the adhesion promotor hexamethyldisilzane is applied to the wafer at spinning
rate 3500 rpm for 30 seconds to improve the formation of an uniform photoresist film. Then, the
photoresist Shipley 1813 is spun at 700 rpm for 10 seconds to form a film on the wafer surface,
and finally the wafer is spun at 3500 rpm for 30 seconds to complete an appropriate coating.
Once the mentioned steps are completed, the wafers are baked on a hotplate at 115 °C for 1
minute to remove humidity from the film.
The Karl Suss MA-56 mask aligner was used to transfer the pattern from the mask onto
the photoresist. Each wafer was exposed to UV light of 350 nm wavelength for 4 seconds. The
power used for the lamp was 25 mW. Once exposed, the wafer was dipped in MF319 photoresist
developer for 70 seconds to remove the non-exposed photoresist. The wafer is then quickly
rinsed with DI-water to remove the excess of developer and avoid an overdeveloping process
that might affect the pattern created. This process produces a photoresist film with thickness
between 1.3 to 1.8 𝜇m. The final thickness of the film is verified with profilometer
measurements. The final design of the imprinted electrode chip is shown in Figure 3.1, and the
schematic representation of the lithography process is presented in Figure 3.2. Additionally, the
geometrical details of the imprinted electrodes are available in Appendix C and Figure C.1.

Figure 3.1 - Final design of the imprinted electrode chip
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Table 3.1 - Process parameters for the sputter deposition of titanium adhesion layer and platinum
working and counter electrodes.
Deposition pressure
5 mTorr
Substrate rotation

45 rpm

Titanium deposition
Power (RF)

100 W

Time

10 minutes

Thickness

20 nm
Platinum deposition

Power (DC)

100W

Time

10 min

Thickness

110 nm

Finally, the working electrode and the counter electrode are deposited onto the wafers
using sputtering techniques. Both electrodes were deposited simultaneously using a platinum
target. A 20 nm titanium adhesion layer was previously deposited to promote the adhesion of the
final platinum film. The final thickness of the films was estimated to be 130 nm. The sputtering
process key parameters are summarized in Table 3.1. The aforementioned process allows the
fabrication of 5 electrodes simultaneously per wafer. Once the sputtering process is completed,
the wafer is dipped in acetone to remove the remaining photoresist and to reveal the newly
deposited platinum electrodes. The wafer is then diced off to obtain an individual electrode chip
as shown in Figure 3.1.
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Figure 3.2 - Schematic representation of the lithography process used to fabricate imprinted
electrodes.
3.3

Synthesis of Polyaniline and Nanodiamond-Polyaniline Films

3.3.1

Description of the Synthesis Process
Electrochemical deposition of Polyaniline (Pani) and Nanodiamond-Polyaniline (ND-

Pani) films was performed using cyclic voltammetry in an aqueous solution containing 0.2 M
aniline monomer in 0.5 M sulfuric acid as the supporting electrolyte. Two surface densities of
nanodiamond particles, 0.15

𝜇𝑔

𝑚𝑚! and 0.6

𝜇𝑔

𝑚𝑚! , have been studied to analyze the effect

of nanoparticle addition. Cyclic voltammetry deposition was completed in two steps; one initial
wide cycle from -200 mV to 1.1 mV to trigger the polymerization cascade, followed by 9 cycles
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of a shorter cycle from -200mV to 900 mV. The scan rate for all electrodepositions was fix at 50
𝑚𝑉 .
𝑠

a!

b!

c!

Figure 3.3 - Platinum imprinted electrodes fabricated on soda lime glass following process
describe in Figure 3.2; (a) as fabricated electrode, (b) failure electrodeposition process due to the
counter electrode contamination and (c) successfully prepare electrodes with the nanocomposite
films.
A VoltaLab system (Radiometer-Analytical) connected to standard three electrodes cell
was used to carry out the cyclic voltammetry deposition. Once the deposition procedure was
completed, the materials under study, Pani and ND-Pani, were deposited on the working
electrode of the imprinted chip as shown in Figure 3.3c. It is important to avoid the deposition of
the materials on the counter electrode of the chip. This problem is visible in Figure 3.3b where
some material is deposited by the alternating voltage between the working and counter
electrodes. The deposited material on the counter electrode will limit the amount of current
delivered using this port during biosensing measurements. To avoid the aforementioned
situation, an external platinum film was used as counter electrode for the deposition steps. The
platinum film was layered with a non-conductive film to control the amount of current delivered
during the process. Finally, a standard saturated calomel electrode (SCE, +0.2444 V vs. SHE)
was used as reference electrode.
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Figure 3.4 - Electrochemical polymerization process for Pani, ND(0.15)-Pani and ND(0.6)-Pani
conducting composite; potential window from -200mV to 900 mV at 50 𝑚𝑉 𝑠. The inset in each
subfigure represents the first cycle of the cyclic voltammetry. For each subfigure, the
background current is shown as a red horizontal line.
The deposition cycle for polyaniline has four characteristic peaks, as indicated in Figure
3.4. A first wide peak centered close to 200 mV that correspond to the formation of
leucoemeraldine

cation

from

the

leucoemeraldine

form

of

the

aniline

monomer.

Leucoemeraldine form of aniline is colorless, so at this point in the process no color change is
noticeable on the working electrode. As the cycle continues, the leucoemeraldine cations are
further oxidized to form the emeraldine aniline around 450 mV. The emeraldine form of aniline
could be green or blue depending on doping effects. In this work, it is desired to obtain a highly
conductive polymeric composite, thus, the polymerization process was conducted in acidic
media (0.5 M H2SO4). The protonation induced by the sulfuric acid on the nitrogen molecules of
the polyaniline chain creates a dark green film characteristic of the emeraldine salt. The
corresponding reversible peak for the emeraldine salt formation appears centered at 350 mV,
while for the leucoemeraldine is located close to -100 mV.
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The inclusion of nanodiamond particles did not induce any perturbation to the
electropolymerization process (Figure 3.4). However, an increment in the current density for the
peaks discussed previously was observed. The increment in the intensity of the peaks also
implies a wider opening between the forward and the backward cycle of the cyclic voltammetry,
thus, a larger area within the curve.
𝑖 𝑡 =𝐶

𝑑𝑉
𝑑𝑡

𝐶 = 𝜀! ∙ 𝜀! ∙

(3.1)

𝐴
𝑑

(3.2)

From the electrical point of view, the current measured in the cyclic voltammetry can be
correlated to the potential using equation (3.1), the capacitance C in this equation is directly
proportional to the surface area of the electrode. Thus, the results presented in Figure 3.4 are an
initial indication of surface area increment due to nanodiamond particles inclusion.
3.3.2

Evaluation of the Repeatability of the Synthesis Process
The intensity of the cathodic current peaks and its corresponding potentials was recorded

to verify the uniformity of the films between electrode samples. The data for the first, third and
ninth cycle is shown in Figure 3.5 corresponding to Pani and ND(0.6)-Pani electrodes. Data for
ND(0.15)-Pani presented similar behavior to that observed for ND(0.6)-Pani.
A qualitative comparison of the error distribution observed in Figure 3.5 indicates that
Pani electrode synthesis was more consistent than the synthesis of the ND(0.6)-Pani. This fact
could be attributed to the oxidation state that is induced by the negatively charged nanodiamond
particles over the anile solution. Although the error determined for ND(0.6)-Pani resulted higher
than the Pani, it is important to notice that in all cases the values are distributed within three
standard deviations.
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Figure 3.5 - Evaluation of the repeatability of the fabrication process for Pani and ND(0.6)-Pani
composite material; the plot represents the average measurement for the first, third and ninth
cycle of at least three electrodes samples ± the standard deviation forming a band between the
data points
3.4

Characterization of the Active Surface Area

3.4.1

Roughness Analysis
Atomic force microscopy (Dimension 3000) in tapping mode was use to image the

surface of the freshly electrodeposited materials. The influence of nanodiamond particle
inclusion over the surface of regular polyaniline was studied using roughness analysis. Five
measurements were taken at different points of each sample. The average of the five roughness
values is used as the characteristic roughness for the sample. The experiment is replicated three
times for experimental error support. The values in Figure 3.6 represent the average between
samples and the standard deviation of the characteristics values.
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ND(0.6)-Pani

Figure 3.6 - Surface roughness comparison between Pani and ND(0.6)-Pani electrodes determine
by atomic forced microscopy; (Left) results for ND(0.6)-Pani are shown in the upper line and
Pani in the lower line; (Right) quantitative comparison of the obtained roughness data. Each
column represents the average value of three electrodes ± standard deviation.
The 2D images showed in Figure 3.6 demonstrated a smooth surface for the bare
polyaniline film (bottom row) compare to the rough surface displayed by the ND-Pani (upper
row), thus, the inclusion of nanodiamond particles increased the exposed surface area of the film
in the nanometric scale. The quantitative data shown in Figure 3.6 represent the arithmetic
average roughness measurement thought a profile; this measurement is done using the analytical
tools available in the microscope software. The quantitative analysis complemented the
observations from the 2D images; roughness values for ND-Pani composite are noticeable higher
than those observed for bare Pani.
3.4.2

Electrochemical Analysis
In the previous section the influence of the inclusion of the nanodiamond particles on the

surface are was studied using atomic force microscopy. It was shown that the inclusion of the
nanoparticles induced an increment in the exposed area. However, roughness measurements are
not indication of electrochemically active area, thus, a new experiment based on electrochemical
techniques was perform to compare the active areas for each electrode sample.
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Cyclic voltammetry experiments were used to compare the active surface area of the
electrodes. In a cyclic voltammogram, the current peak can be described using the RandlesSevcik equation. This equation states that the intensity of the peak is a non-linear function of the
solution temperature, the bulk concentration of the analyte under study, the electrode active
surface area, the number of electrons transferred during the reaction, the diffusion coefficient of
the dissociated elements and the potential scan rate used during the experiment
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Mathematically, equation (3.3) describes the relation.
𝑛𝐹
𝐼! = 0.4463 ∙ 𝑛 ∙ 𝐹 ∙ 𝐴 ∙
𝑅𝑇

!

!

∙𝐷

!

!

∙𝑣

!

!

∙ 𝑐!"!#$%&

(3.3)

where 𝐹 is the Faraday constant that represents the electric charge per mol of electron. The
equation (3.3) can be also written as equation (3.4) after introducing the corresponding constant
values.
𝐼! = 2.65𝑥10! ∙ 𝑛

!

!

∙𝐴∙𝐷

!

!

∙𝑣

!

!

∙ 𝑐!"!#$%&

(3.4)

Randles-Sevcik equation is commonly used to determine the diffusion coefficient of
specific chemical compounds or to determine the concentration of the analyte under study based
on calibration curves. However, in this work a known concentration of an analyte with known
diffusion coefficient was used to determine the active surface area. The other variables in the
equation (3.4) are kept constant. It is important to note that the above-mentioned electrochemical
technique is valid for conductive films, where the electron transfer rate is fast (almost
instantaneous) compare to the mass transfer rate.
A standard small three electrode cell (1 mL total volume) containing the imprinted chip
with the platinum counter and the material under study (Pani, ND-Pani) as working electrode
was used to conduct the experiment. Due to the size restriction of the electrochemical cell, the
standard calomel electrode was replaced by a commercial saturated silver/silver chloride gel
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electrode (Pine Instrument Company). 10 mM Potassium ferricyanide (K3[Fe(CN)6],
MW=329.24 𝑔 𝑚𝑜𝑙) in 0.2 M potassium chloride was used as the analyte for this experiment.
The redox couple present in the cyclic voltammetry represents the oxidation of the [Fe(CN)6]3ion to [Fe(CN)6]4- and vice versa.

Figure 3.7 - Cyclic voltammetry response of Pani, ND(0.15)-Pani and ND(0.6)-Pani against 10
mM Potassium ferricyanide in 0.2 M potassium chloride; potential windows from -200 mV to
700 mV at 20 𝑚𝑉 𝑠 scan rate.
The results from the electrochemical study support the observation obtained from the
roughness measurements. Figure 3.7 contains the typical cyclic voltammetry response for each of
the electrode materials. In this figure it is possible to notice an increment in the intensity of the
current density peak centered at 250 mV, as well as for its corresponding reversal peak located
close to 0 mV, as the nanodiamond concentration increases. Given the information in equation
(3.3), this observation can be correlated to an increment in the electrode active area due to the
inclusion of nanodiamond particles into the polymeric matrix.
Quantitative analysis was completed using the information gathered from three freshly
prepared electrodes. The values used for the constant and other key information for this analysis
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are summarized in Table 3.2. Using proper units for the constants, the active area for each
electrode was determined and plotted in Figure 3.8.
Table 3.2 - Data for electrochemical estimation of the active area describe in equation (3.4).
Variable
# of electrons

Symbol
n

Concentration

canalyte

1.00E-02

M

Diffusion coefficient

D

7.60E-06

cm2 s-1

Scan rate

v

20

mV s-1

Electrode 1
Electrode 2
Electrode 3

Value
1

Unit
-

Current density peak (µA cm-2)
Pani
ND(0.15)-Pani
ND(0.6)-Pani
45.762
250.915
610.825
47.2594
256.563
634.375
44.4438
259.688
598.438

Figure 3.8 - Quantitative values estimated for the electroactive surface area; columns represent
the average value estimated for at least three electrodes ± standard deviation.
Based on the estimated active area of the electrodes showed in Figure 3.8, it is possible to
conclude that the increment determine by atomic forced microscopy roughness measurements is
directly associated with an increment in the active surface area. The estimated area for ND(0.6)61

Pani is approximately 19 mm2; this value represent 57% of the initial 33 mm2 area of the
platinum working electrode. Compared to the 5% active area displayed by Pani electrodes, the
ND(0.6)-Pani represents an important increment in terms of electron mobility.
3.5

Enzymatic Surface Functionalization
Glucose oxidase was covalently attached onto the different electrodes materials (Pani,

ND(0.15)-Pani and ND(0.6)-Pani) following a standard coupling reaction reported in the
literature 88,94. Before the enzymatic functionalization, all electrodes were thoroughly rinsed with
di-water and dried under an inert gas flow in order to remove any impurity or loosely bond
polymers from the surface.
Phosphate saline buffer was used as supporting solution to dissolve the chemical agents
used for the functionalization reaction. A solution containing 50 mM N-Hydroxysuccinimide
(NHS, MW=115.09
(EDC, MW=155.24

𝑔
𝑔

𝑚𝑜𝑙 ) and 200 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

𝑚𝑜𝑙 ) was prepared. A portion of this solution was used to prepare the

stock solution containing glucose oxidase enzyme (from Aspergillus niger, >100,000 𝑢𝑛𝑖𝑡𝑠 𝑔) at
a concentration close to 0.8

𝑚𝑔

𝑚𝐿.

The two solutions described before were used sequentially during the functionalization
step. First, each electrode was coated with 10 𝜇L of the EDC/NHS solution and let it dry at room
temperature. This initial step promotes the activation of the amino and carboxylic groups located
on the periphery of the platform material. Later, 5 𝜇L of the enzyme stock solution were coated
over the electrodes and, again, let it dry at room temperature. All electrodes were store at 4 °C
for later use. After functionalization, the electrodes are labeled as ND(0.6)-Pani/GOX, ND(0.15)Pani/GOX and Pani/GOX.
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3.6

Results

3.6.1

Chronoamperometric Detection of Glucose
The ability of the newly enzyme functionalized electrodes to quantify glucose

concentration was tested using chronoamperometric response. An 80 mM glucose stock solution
was prepared in phosphate buffer saline (0.1 M, pH 6.4). Glucose analytical standard (D-(+)
Glucose, MW=180.16) was obtained from Sigma Aldrich and used without further
modifications. The stock solution was then used to prepare multiple glucose concentration to
compare the signal from the different electrodes under study. Previous to each experiment, the
electrodes were rinsed in DI-water to remove impurities.
ND(0.6)-Pani/GOX
ND(0.15)-Pani/GOX
Pani/GOX

ND(0.6)-Pani/GOX
ND(0.15)-Pani/GOX
Pani/GOX

Figure 3.9 - Chronoamperometric response of the different electrodes against blank phosphate
buffer saline (left); chronoamperometric response of the electrodes under study against 40 mM
glucose solution in 0.1 PBS solution; chronoamperometric measurements were complete at 600
mV with respect to the open circuit potential.
The results obtained from the chronoamperometric experiments demonstrated higher
current density for the ND(0.6)-Pani/GOX compare to the signal observed from the ND(0.15)Pani/GOX and Pani/GOX (Figure 3.9 right). This could be attributed to the higher active area
that the mentioned electrode platform have that allows a larger current to be collected from the
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enzymatic reaction. Also, it is possible to infer that a better arrangement of the glucose oxidase
have been achieved on the ND(0.6)-Pani/GOX due to a larger surface area available as
demonstrated by the roughness measurements. The signal obtained for the three electrodes is 10
times higher, or more, than the background signal where no reaction is observed.

Figure 3.10 - Chronoamperometric response of Pani/GOX electrode against different
concentrations of glucose in 0.1 M phosphate buffer saline; measurement is performed after 60 s
open circuit potential to equilibrate the system; potential difference applied is 600 mV for 120 s.
The response of each electrode against different glucose concentrations was also studied.
Figure 3.10 displayed the chronoamperometric quantification of four different concentration of
glucose in phosphate buffer saline using the Pani/GOX electrode. As the image shows, the
response of this platform is poor. The signal-to-noise ratio is low and the capacity to differentiate
between two similar concentrations is highly compromised.
Figure 3.11 presents the chronoamperometric response of the ND(0.15)-Pani/GOX and
ND(0.6)-Pani/GOX for the same experiment discussed in previously. Here, ND(0.15)-Pani/GOX
displayed a higher current density compare to the Pani/GOX electrode, however, similar
limitations in terms of signal-to-noise ratio and ability to quantify similar concentrations are also
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observed. The ND(0.6)-Pani/GOX, on the other hand, demonstrated the higher current density as
well as the best signal-to-noise ratio. For all the samples tested, the ND(0.6)-Pani/GOX was
capable to determine, with a good separation, the concentration of glucose in the solutions. For
the two high concentration tested, the current density was clearly higher for ND(0.6)-Pani/GOX
compare to the observed for ND(0.15)-Pani/GOX; however, for the two lower (2.5 mM and 7
mM) concentration the current resulted to be similar. This fact suggests that the limiting factor in
this case was the reaction itself and not the electrode surface.

Figure 3.11 - Chronoamperometric response of ND(0.15)-Pani/GOX (left) and ND(0.6)Pani/GOX (right) electrode against different concentrations of glucose in 0.1 M phosphate buffer
saline; measurement is performed after 60 s open circuit potential to equilibrate the system;
potential difference applied is 600 mV for 120 s.
The calibration curves for each electrode were determined using the information gathered
from the previous experiment. Figure 3.12 compares the calibration curves obtained for the three
materials. As the image shows, the three electrodes displayed a linear relationship between 2.5
mM and 20 mM with a low background current as indicated by the data point close to zero in
Figure 3.12. Based on the slope of the calibration curves, it is possible to observe that the
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ND(0.6)-Pani/GOX displayed a higher sensitivity, that combined with the observations from
Figure 3.11 (right) indicates a better overall performance.

Figure 3.12 - Calibration curves for glucose concentrations using Pani/GOX, ND(0.15)Pani/GOX and ND(0.6)-Pani/GOX; data represent the average measurement of three samples per
specific concentration ± standard deviation.
3.6.2

Biosensor Selectivity Analysis
Given the results from the previous sections, the selectivity of the ND(0.15)-Pani

platform as enzymatic biosensor was tested. Three freshly new prepared electrodes with the
specified material were prepared as discussed previously. The response was recorded using two
steps chronoamperometric experiments. The first step correspond to a 30 seconds open circuit
potential experiment; in this initial step the system determines and fix the steady state base
potential of the cell. Then, in the second step, a 600 mV potential difference is applied to the
system for 90 seconds. Total time per run was 120 seconds for both steps.
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Figure 3.13 - Chronoamperometric response of ND(0.6)-Pani/GOX against 2.5 mM glucose
solution in phosphate buffer saline containing interfering compounds at 1 mM concentration; the
measurements contain 30 s of initial open circuit potential and 90 s of 600 mV potential
difference applied against the standard reference electrode.
The selectivity of the ND(0.16)-Pani/GOX was evaluated by determining the
chronoamperometric response against 2.5 mM glucose concentration, in presence of other
common biological compounds. The interfering compounds used are serotonin, dopamine and
ascorbic acid; all of them were used at 1mM concentration. 10 mM phosphate buffer saline was
used as supporting electrolyte for all the experiments. The biosensor response was obtained for
glucose and one interfering compound at a time as showed in Figure 3.13. Also, the response
obtained for 2.5 mM pure glucose, and its error distribution, is displayed as a horizontal bar in
the same figure.
The results displayed in Figure 3.13 demonstrated that glucose oxidase functionalized
ND(0.16)-Pani platform is selective towards glucose biosensing. The signals for glucose and
dopamine, and glucose and ascorbic acid interfering compounds could be considered between
the ranges of the pure glucose measurement obtained previously. The signal for glucose and
67

serotonin solution presented the higher deviation respect the baseline glucose measurement.
However, it is important to mention that the deviation is not larger than 10% of the original
signal.
3.6.3

Storage Activity
The residual activity of the biosensor was also evaluated. In this case, one of the

electrodes used during the initial experimental stage was store at 4 °C for 15 days for later
measurements. Additionally, a fresh ND(0.6)-Pani/GOX was also stored to be used as baseline
for this experiment.

Figure 3.14 - Response performance evaluation of ND(0.6)-Pani/GOX electrode after a period of
storage at 4 °C.
The performance of the stored electrodes was evaluated by chronoamperometric
measurements using the same parameters explained in the previous section. The measurements
were performed in 10 mM phosphate buffer saline containing 7 mM glucose. For comparison,
the current density for fresh ND(0.6)-Pani/GOX is plotted at time zero in Figure 3.14. From the
figure, it is possible to observe that the signal for the used and stored electrode deviates from its
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original value for a large margin, close to 50% decrement. This observation indicates that the
activity of the enzyme, after the initial use, reduces even at low temperature. The signal for the
stored never used electrode is close to the measurement done at time zero. The deviation
observed for this electrode is less than 5% with respect to the initial measurement.
3.7

Summary
In the present research work, we presented the synthesis and performance evaluation of

nanodiamond-polyaniline nanocomposite as a novel platform for electrochemical biosensing. It
was observed that the addition of nanodiamond particles yielded an increment in the active
surface area of the biosensor. As demonstrated in the chronoamperometric experiments, the
resulting active area helps in providing better signal-to-noise ratio, as well as to differentiate
between similar concentrations. Furthermore, a limitation for the current density at a low
concentration was also observed for both nanodiamond-polyaniline films. This limitation could
be associated to the dynamic of the reaction.
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4: Iron oxide modified nanodiamond-polyaniline composite electrochemical biosensor

Chapter 4:
Iron Oxide Modified Nanodiamond-Polyaniline Composite Electrochemical Biosensor
4.1

Introduction
This Chapter presents the synthesis and use of iron oxide magnetic nanoparticles for

electrochemical biosensing applications. The experiments shown herein are a continuation of the
experiments presented in Chapter 3. The freshly synthesized particles were coated onto
nanodiamond-polyamine films as an amplification strategy for current density signal. Iron oxide
nanoparticles have been shown to be biocompatible and very stable for many applications. Its
magnetic properties have readily studied for biomedical applications such as labeling
immunoassays
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and

. Additionally, iron oxide nanoparticles have been used for other applications

such as RF and microwave antenna designs 97. In this research work, we have used the iron oxide
nanoparticles as a redox mediator to amplify the current density signal from the initial
decomposition of the biological compound. Glucose and cholesterol, in standard phosphate
buffer saline, were used as study samples to evaluate the performance of the overall structure.
4.2

Synthesis of Iron Oxide Nanoparticles
Several methods have been reported for iron oxide nanoparticle synthesis

98–102

. For this

research work, a two-step hydrothermal process previously reported by Xu et al. 103 was followed
due to the small and narrow size distribution that the mentioned process produce 98. The overall
reaction for iron oxide nanoparticles, magnetite phase, is shown in equation (4.1).
𝐹𝑒 !! + 2𝐹𝑒 !! + 8𝑂𝐻!
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𝐹𝑒! 𝑂! + 𝐻! 𝑂

(4.1)

a

b

c

d

Figure 4.1 - Preparation of the iron oleate; (a) and (b) general view of the experimental setup; (c)
rinsing solution after separation; (d) final iron oleate material
Initially, the iron oleate was prepared using sonication in order to maintain homogeneous
composition of the reactants (Figure 4.1 a and b). For the reaction, 6.5 g of Ferric chloride
(MW= 162.2 𝑔/𝑚𝑜𝑙) and 36.5 g of sodium oleate (MW= 304.44 𝑔/𝑚𝑜𝑙) were mixed in a
solvent solution. The solvent solution was prepared by mixing 140 ml of hexane, 80 ml ethanol
and 60 ml di-water. The reaction is conducted at 65 °C for 4 h under atmospheric conditions. No
inert gas protection is used. Once the reaction time was reached, the solution was allowed to
settle and rinse with copious DI-water to remove all solvents from the mixture. Since the oleate
remains at the top after the separation (Figure 4.1c), a long needle connected to a standard
vacuum system provided with the fume hood was used to remove the rinse solution without
losing valuable samples. After the cleaning, the dark brown paste is let inside the fume hood over
night to let the remaining solvents evaporate. The oleate is then placed in a vacuum chamber
with no heat, for an additional 3 to 4 h period, right before the next step in the synthesis.
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c

a

b

Figure 4.2 - Experimental setup to perform the iron oxide nanoparticles final step under high
temperature conditions.
For the second step, 2.5 g of the iron oleate paste are heated in 10 ml of 1-octadecene
(MW=252.48 𝑔 𝑚𝑜𝑙) containing 0.2 g of trioctylphosphine oxide (MW=386.63 𝑔 𝑚𝑜𝑙) and 0.2
mL of oleic acid (MW=282.46 𝑔 𝑚𝑜𝑙). The first temperature ramp was applied to heat the
solution at 100 °C for 1h to evaporate any remaining solvents from the previous step. Later, the
mixture temperature is raised to 320 °C for 2.5 h to complete the nanoparticle precipitation, after
an aging process. Finally, the solution is cooled down to room temperature and the newly
synthesized nanoparticles are separated using centrifugation force at 9000 rpm. Once separated,
the particles were thoroughly clean with ethanol. For the rinsing process, a neodymium magnet
was used to avoid losing iron oxide particles while changing the solution. The nanoparticles were
dried in an oven set to 65 °C over night, then, the dry powder was weighed and dissolved in
hexane at 1  𝑚𝑔 𝑚𝑙 for storage. The iron oxide nanoparticle stock solution was stored at 4 °C for
later use.
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a

b

c

Figure 4.3 - Transmission electron microscopy of the synthetized iron oxide nanoparticles; scale
bar are 20 nm (a), 10 nm (b) and 5 nm (c).

Figure 4.4 - Particle size distribution for iron oxide nanoparticles as per dynamic light scattering
measurements.
The synthesized iron oxide nanoparticles were characterized using transmission electron
microscopy (TEM). Figure 4.3 shows the TEM image of the iron oxide nanoparticles. Here it is
possible to see a very uniform size for all observable particles. Additionally, the surface oleic
acid that stabilized the nanoparticles, is evident due to the contrast observed between the core of
the particle and its surface. The comparison of the nanoparticles with the corresponding scale
bars indicated an approximate diameter of 20 nm uniform over the sample. This observation was
73

confirmed by using the particle size analyzer. The results showed in Figure 4.4 indicated that the
hydrodynamic diameter of the particles is 25 nm.
4.3

Enzymatic Surface Functionalization

4.3.1

Preparation for Glucose Quantification
Glucose oxidase was covalently attached to the ND(0.6)-Pani/Fe3O4, following a standard

coupling reaction as used in the previous chapter 88,94. Before the enzymatic functionalization, all
electrodes were thoroughly rinsed with di-water and dried under inert gas flow in order to
remove any impurities or loosely bonded polymer from the surface.
A phosphate saline buffer was used as a supporting solution to dissolve the chemical
agents used for the functionalization reaction. A solution containing 50 mM NHydroxysuccinimide

(NHS,

𝑔

MW=115.09

𝑚𝑜𝑙 )

dimethylaminopropyl)carbodiimide (EDC, MW=155.24

𝑔

and

200

mM

1-Ethyl-3-(3-

𝑚𝑜𝑙 ) was prepared. A portion of this

solution was used to prepare the stock solution containing glucose oxidase enzyme (from
Aspergillus niger, >100,000 𝑢𝑛𝑖𝑡𝑠 𝑔) at a concentration close to 0.8

𝑚𝑔

𝑚𝐿.

The two solutions described before were used sequentially during the functionalization
step. First, each electrode was coated with 10 𝜇L of the EDC/NHS solution and let dry at room
temperature. This initial step promotes the activation of the amino and carboxylic groups located
on the periphery of the platform material. Later, 5 𝜇L of the enzyme stock solution were coated
over the electrodes and, again, let dry at room temperature. All electrodes were stored at 4 °C for
later use. After functionalization, the electrodes are labeled as ND(0.6)-Pani/ Fe3O4/GOX.
4.3.2

Preparation for Cholesterol Quantification
Enzymatic functionalization for cholesterol biosensing was achieved in a similar way to

the previous section. Initially, the surface of the electrode is activated using EDC/NHS solution
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at the same concentration used before. Cholesterol oxidase (ChOx, from Streptomyces sp.,
>20  𝑢𝑛𝑖𝑡 𝑚𝑔 protein), cholesterol esterase (ChEs, from Pseudomonas fluorescents, >200000
  𝑢𝑛𝑖𝑡 𝑚𝑔 protein) and horseradish peroxidase (HRP, ~150 𝑈 𝑚𝑔) were co-immobilized on the
activated surface by drop casting. The enzyme stock solution for the biofilm was prepared in 0.1
M phosphate buffer saline containing EDC/NHS; 1.5 mg of ChEs, 2 mg ChOx and 1.8 mg of
HRP were dissolve in 0.3 ml of the supporting solution
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using vortex action for 10 minutes.

Additionally, 6 mg of trehalose were also added to the enzyme stock solution. The trehalose acts
as an enzyme stabilizer
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. Finally, 5 µL of the enzyme stock solution was coated over the

electrodes and, again, let dry at room temperature. All electrodes were store at 4 °C for later use.
After functionalization, the electrodes are labeled as ND(0.6)-Pani/Fe3O4/ChOx-ChEs-HRP.
4.4

Characterization of Film

Figure 4.5 - Cyclic voltammetry response of ND(0.6)-Pani/Fe3O4 against 10 mM Potassium
ferricyanide in 0.2 M potassium chloride. Potential windows from -200 mV to 700 mV at 20
mV⁄s scan rate
Initially the newly synthesized iron oxide modified electrodes were tested using the same
experimental procedure described for Figure 3.7. Briefly, A standard three-electrode cell,
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containing the imprinted chip with the platinum counter and the material under study (ND(0.6)Pani/Fe3O4) as working electrode, was used to conduct the experiment. Due to the size of the
electrochemical cell, the standard calomel electrode was replaced by a commercial saturated
silver/silver chloride gel electrode. 10 mM Potassium ferricyanide (K3[Fe(CN)6], MW=329.24
𝑔 𝑚𝑜𝑙) in 0.2 M potassium chloride was used as analyte for this experiment. The redox couple
present in the cyclic voltammetry represents the oxidation of the [Fe(CN)6]3- ion to [Fe(CN)6]4and vice versa. Figure 4.5 displayed similar structure compared to the results observed in Figure
3.7; however, a quick observation of the peak intensity reveals a potential active surface area
increment due to the iron nanoparticle inclusion.

Figure 4.6 - Quantitative values estimated for the electroactive surface area including the
ND(0.6)-Pani/Fe3O4 electrode; columns represent the average value estimated for at least three
electrodes ± standard deviation.
The quantification of the electrode active area supported the qualitative observation is
based on the current peak in Figure 4.5. The estimated area for ND(0.6)-Pani/Fe3O4 resulted
approximately 20% higher. The area increment could be the combination result of an additional
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area introduced by the nanoparticle surface area and the electrochemical reactivity associated
with the iron oxide nanoparticles 106.
4.5

Experimental Results

4.5.1

Quantification of Glucose

Figure 4.7 - Chronoamperometric response of ND(0.6)-Pani/Fe3O4/GOX electrode against
different concentrations of glucose in 0.1 M phosphate buffer saline; measurement is performed
after 60 s open circuit potential to equilibrate the system; potential difference applied is 600 mV
for 120 s.
Similarly to the experiments described in the previous chapter, 80 mM glucose stock
solution was prepared in phosphate buffer saline (0.1 M, pH 6.4) as supporting electrolyte for
performance evaluation. Glucose analytical standard (D-(+) Glucose, MW=180.16) was obtained
from Sigma Aldrich and used without further modifications. The stock solution was then used to
prepare low glucose concentration (2.5 mM and 7 mM) to evaluate the amperometric response.
The response of the ND(0.6)-Pani/Fe3O4/GOX is then compared to the response obtained for
ND(0.6)-Pani/GOX. In each previous experiment, the electrodes were rinsed in DI-water to
remove impurities. Only the two concentrations, where the materials previously used
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demonstrated a limitation in current density, are been used in this experiment to demonstrate the
amplification effect of the iron oxide nanoparticles.
Figure 4.7 showed the response of the ND(0.6)-Pani/Fe3O4/GOX against 0.1 M
phosphate buffer saline containing 2.5 mM or 7 mM glucose. In both cases, the biosensor
demonstrated high responses for the analyte, with a response 160% higher than the open circuit
(or background) current for 2.5 mM glucose and approximately 450% higher for 7 mM glucose.
Comparing these newly obtained responses with the observed in Figure 3.11, it is possible to
notice the increment signal achieved after the iron oxide modification. For 7 mM concentration,
for example, the ND(0.6)-Pani/Fe3O4/GOX obtained approximately 100 𝑛𝐴 𝑐𝑚! additional
signal compared to its counter part ND(0.6)-Pani/GOX. While for 2.5 mM, the additional signal
is closed to 80 𝑛𝐴 𝑐𝑚! . Although the observed increment signal represents an important
advantage of this platform respect to the non-modified ND(0.6)-Pani/GOX, it is important to
mention that the response time of this electrode increases for both concentrations. This
observation could be associated with restriction for diffusion process of the glucose substrate.
4.5.2

Quantification of Cholesterol
The capabilities of ND(0.6)-Pani/Fe3O4/GOX to work as generic platform for biosensing

detection have been tested using cholesterol solution and a co-immobilization procedure
described elsewhere in this chapter.
Due to the insolubility of cholesterol in water-based solutions, the 0.1 M phosphate
buffer saline used as supporting solution was modified with Triton X, to create a stable
cholesterol stock solution. Triton X is a non-ionic surfactant commonly used to create stable
cholesterol solutions
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. Triton X-100 was obtained from Sigma Aldrich and used without
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further modification. The supporting electrolyte solution used for the experiments was set to 1%
𝑣 𝑣 Triton X in 0.1 M phosphate buffer saline (PBS).
A 30 ml cholesterol stock solution was prepared by dissolving 120 mg of cholesterol
(MW= 386.65) in 0.1 M PBS solution containing 1% Triton X. The solution was stirred for 30
minutes to complete homogenization of the cholesterol powder through the solution. Later, three
(300, 215, 150 𝑚𝑔 𝑑𝑙) different concentration solutions for testing were made from the stock
solution in the same supporting electrolyte. The selected concentrations represents cholesterol
levels with physiological importance.

Figure 4.8 - Chronoamperometric response of ND(0.6)-Pani/Fe3O4/ChOx-ChEs-HRP against
different concentrations of cholesterol solution in phosphate buffer saline; the measurements
contain 60 s of initial open circuit potential and 120 s of 600 mV potential difference applied
against the standard reference electrode.
Three freshly prepared electrodes with iron oxide modified platform were used for this
experiment. The response was recorded using two step chronoamperometric experiments. The
first step correspond to a 60 seconds open circuit potential experiment; in this initial step the
system determined and fixed the steady state base potential of the cell. Then, in the second step,
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600 mV potential difference is applied in the system for 120 seconds. Total time per run was 180
seconds for both steps.
Previous to each experiment the electrodes were toughly rinse with DI-water and air
dried at room temperature. Additionally, the electrodes were immersed in a 1% Triton X PBS
buffer to promote the activation of the enzymes previously attached onto the surface. The 1 ml of
the testing solution was taken from the solution under stirring conditions to keep the uniformity
of the concentration. The rest of the cholesterol solutions were kept under stirring condition to
avoid separation.
The results showed in Figure 4.8 demonstrated the ability of ND(0.6)-Pani/Fe3O4/ChOxChEs-HRP to detect cholesterol in buffer solutions. Similarly to the glucose measurements, the
amperometric response for this electrode was concentration dependent. The steady current
observed in Figure 4.8 is the result of the catalytic action of the co-immobilized enzymes over
the cholesterol substrate dissolved in the supporting electrolyte. The overall process could be
described with the set of reactions shown below 108. Equation (4.3) represent an overall reaction
between the hydrogen peroxide, the horseradish peroxidase enzyme and a mediator, which in this
case is the iron oxide present in the surface 109.
𝑐ℎ𝑜𝑙𝑒𝑠𝑡𝑒𝑟𝑜𝑙  𝑒𝑠𝑡𝑒𝑟
𝑐ℎ𝑜𝑙𝑒𝑠𝑡𝑒𝑟𝑜𝑙

𝑓𝑎𝑡𝑡𝑦  𝑎𝑐𝑖𝑑 + 𝑐ℎ𝑜𝑙𝑒𝑠𝑡𝑒𝑟𝑜𝑙

𝑐ℎ𝑜𝑙𝑒𝑠𝑡 − 4 − 𝑒𝑛𝑒 − 3𝑜𝑛𝑒 + 𝐻! 𝑂!
𝐻! 𝑂!

𝐻! 𝑂 + 2𝑒

(𝑐ℎ𝑜𝑙𝑒𝑠𝑡𝑒𝑟𝑜𝑙  𝑒𝑠𝑡𝑒𝑟𝑎𝑠𝑒)
(𝑐ℎ𝑜𝑙𝑒𝑠𝑡𝑒𝑟𝑜𝑙  𝑜𝑥𝑖𝑑𝑎𝑠𝑒)

(ℎ𝑜𝑟𝑠𝑒𝑟𝑎𝑑𝑖𝑠ℎ  𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑠𝑒)
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(4.2)
(4.3)
(4.4)

4.6

Summary
In this chapter the iron oxide grafted nanodiamond-polyaniline conducting composite was

presented. This material was used for signal amplification based on the oxidation of iron
particles after the initial decomposition of the biological compound. Magnetic iron oxide
nanoparticles were synthesized following hydrothermal techniques. The procedure produces
monodisperse 15 nm particles in hexane. The particles were drop casted onto the electrodes and
stored for 12 h before the amperometric experiments. Preliminary results from this experiment
indicated an increment of approximately 50% on the current density for low glucose
concentration, with respect to the signal recorded with the non-iron grafted electrode previously
tested.
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5: Toxicity evaluation of nanodiamond and nanodiamond-polyaniline composite

Chapter 5:
Toxicity Evaluation of Nanodiamond and Nanodiamond-Polyaniline Composite†
5.1

Introduction
The bio-applications of nanomaterials have been an active research area in recent years

because of their unique structure, surface chemistry, and physical properties. The nanomaterials
are highly desirable in applications where interaction with biological tissue is a critical aspect 110.
Nowadays, nanodiamond (ND) particles have gained worldwide attention due to their
inexpensive large-scale synthesis with narrow size (4 to 5 nm) distribution 111, surface chemistry
that allows functionalization with a variety of molecules 6, and biocompatibility to several cell
types

112

. Additionally, nanodiamond could be deposited as a robust film on microelectronic

compatible substrates at moderate temperatures
imaging and IR-fluorescence applications
and targeted therapeutics

115

114

113

and possesses optical properties for novel

with an important prospective for early diagnosis

applications. Despite ND particles exhibit attractive properties, it

has a notorious tendency to contaminate and aggregate by creating clusters in the range of few
microns that are unfavorable for practical applications 116. Effective use of ND requires adequate
dispersion, targeted specificity, and controlled release for biomedical applications. The
functionalization of ND using a polymeric matrix enhances the properties for the biomedical use
such as drug delivery.

†

Information showed in this chapter has been published in reference 16. P. Villalba, M. K. Ram,
H. Gomez, V. Bhethanabotla, M. N. Helms, A. Kumar, and A. Kumar, “Cellular and in vitro
toxicity of nanodiamond-polyaniline composites in mammalian and bacterial cell,” Materials
Science and Engineering: C, vol. 32, no. 3, pp. 594–598, Apr. 2012.
82

The common conducting polymer such as polyaniline (Pani) has been studied for
biomedical materials, biosensing, and tissue engineering applications due to unique
electrochemical

117

, chemical and physical properties

environmental stability

119

118

, electrical conductivity and good

. The Pani exhibits considerable tunable chemical structures

compatible with biological molecules in neutral aqueous solutions
presents disadvantage due to the lack of long-term stability

121

120

86

. However, Pani also

. Our research group has

synthesized, for the first time, a ND-Pani composite by oxidative polymerization of aniline in the
presence of different percentages of nanodiamond under controlled conditions

90

. ND-Pani

composite provides the advantages of the inorganic ND core embedded in a chemically
modulated polymeric matrix, which allow for imaging and treatment in real time 122.
The ND-Pani nanocomposite could find several biological applications, so it is utmost
important to test the health risks that might be associated with nanocomposite particle exposure
to biological bodies. For instance, toxicity is a critical factor to consider when evaluating
potential use of nanocomposite materials for biological applications. It is important to ensure that
ND-Pani should not cause adverse effects in conjugated to biomaterials for bio-applications. In
order to understand toxic effects to cells of ND-Pani and pristine Pani, attempts have been taken
to perform in vitro toxicity in different concentration by varying incubation times.
The cellular toxicity of ND-Pani nanocomposite in both nanoparticle and film form under
in-vitro conditions using human embryonic kidney (HEK-293) cells have been studied. The
influence of the nanomaterial on the bacterial growth rate was also studied using E. Coli. The
cell culture studies on ND-Pani are focused on the biocompatibility of nanocomposite materials.
Toxic effects of ND-Pani on HEK cells are studied with the amount of live cell for each assay by
quantifying the area covered by the bio-film or through MTT toxicity assay. The solubility, size,
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dispersion and impurity properties of ND-Pani are also investigated in relation to interfacing
cells.
5.2

Nanodiamond-Polyaniline Composite Synthesis

Figure 5.1 - Representation of ND-PANI synthesis and possible nanostructures. From Gomez et
al. 90.
The ND-Pani nanocomposite was chemically synthesized as described elsewhere 90. The
schematic representation of the reaction process is shown in Figure 5.1. Briefly, the monomer
aniline to ND ratio was kept at 3:1, and added in 1M HCl solution, where the solution was
cooled to 4 °C in an ice bath. The oxidant ammonium peroxydisulfate [(NH4)2S2O8)] (0.025M)
was also dissolved in 200 mL of 1M HCl solution, and the solution was also pre-cooled to 4 °C.
Later, [(NH4)2S2O8)] in 1M HCl solution was added slowly into the aniline solution, and the
reaction was continued for 12 hours. The dark green precipitate of the ND-Pani nanocomposites
recovered from the reaction vessel was filtered, and washed using deionized water, methanol,
acetone, and diethyl ether for the elimination of the low molecular weight polymer as well as
oligomers. Further, this precipitate was heated at 100 °C in a temperature-controlled oven. Then
an emeraldine salt form of ND-Pani was subsequently treated by using aqueous ammonia for 24
hours. Next, it was washed by using distilled water and acetone for several times and dried for 6
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hours at 100°C. The dark blue powder thus obtained was the emeraldine base form of the NDpolyaniline conducting polymer. The emeraldine base was used for the fabrication of spin coat
and solution cast films using the solubility of ND-polyaniline nanocomposite in
dimethylformamide solvent. The ND-Pani films of various thicknesses were fabricated using
spin coat and solution cast techniques and then dried at 100°C.
To fabricate the ND-Pani films in the present work, the emeraldine base form of ND-Pani
was dissolved in N-methyl 2 –pyrrolidone (NMP), a plasticizer solvent. The resulting ND-Pani
solution was applied over an n-type silicon piece substrate by solution cast technique. The film
was obtained by heating the ND-Pani film in an oven at 100 °C for 4 h.
5.3

Characterization of Materials
The SEM, UV–vis, FTIR optical studies on nanodiamond-conducting polymers was used

to derive information regarding the band structure, vibrational bands and band shift to understand
the ND-Pani nanocomposite in synthesis process. UV–vis spectra of ND-Pani and ND film
deposited on glass and quartz were made using UV–vis Spectrometer Jasco V-530.

Figure 5.2 - TEM image of nanodiamond (ND) particles dispersion (left panel), ND-Pani
composite (center panel), and pristine Pani (right panel); scale bars are 2 nm (inset: 100 nm)
TEM image for ND particles has shown the high tendency to aggregate after drying
(Figure 5.2, left), although a homogeneous dispersion is observed in the suspensions. Though the
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image shows some form of lateral aggregation, it is possible to record a high-resolution (HR)
image for a single particle. The ND particles have displayed (111) patterns with lattice spacing
close to 0.2 nm corresponding to the cubic diamond lattice parameter

123

. The ND-Pani

composite reveals a noticeable dispersion of the ND particles around the polymeric matrix
(Figure 5.2, center). The ND particles in the composite structure are mostly isometric with
certain level of elongation with lattice parameter for close to 0.2 nm. The TEM image of Pani
matrix has displayed no crystalline structures (Figure 5.2, right).

Figure 5.3 - FTIR spectra of ND, ND-Pani, and pristine Pani; KBr was used as a background;
pellets were dried overnight before each measurement to avoid water interference.
FTIR spectra of ND particles (Figure 5.3) has displayed the regular peaks for a –OH
terminated surface. Broad band centered at 3400 cm−1 corresponds to the N-H stretching mode,
small features 2900 cm−1 shows the C–H stretching mode, the bending mode of N-H appear to be
overlapped by the sharp peak at 1360 cm−1 due to the O–H bending mode. The band at 1710
cm−1 is due to the C=O stretching mode 124,125. The IR spectrum of the pristine Pani, confirm the
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all possible bonding structures. Prominent band for Pani corresponds to the stretching modes of
the –NH2, C–H, C–N, and C=C at 3440, 3000, 1600, and 1311 cm− 1 respectively 126.

Figure 5.4 - UV–vis spectra of ND, ND-Pani, and pristine Pani; ultra DI-water was used as a
background solution; each solution was mixed overnight under vortex stirring conditions.
The UV–Vis absorption spectra of ND and emeraldine of Pani, ND-Pani composite films
are shown Figure 5.4. The absorption spectrum of the ND indicates that the onset of the
absorption edge is about 330 nm. In this figure, the onset of the absorption at 330 nm
corresponding to π–π⁎ band, a characteristic of the hydrogen bond geometry 127. The UV–visible
spectra exhibits n–π⁎ transitions bands at 620 nm. There is a marked difference in the sample of
ND-Pani revealing the absorption band at around 420–430 nm due to polaron states. The band
observed at 450 nm is due to the polaronic defect state emanating due to diamond conjugation
with polyaniline film 128.
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5.4

Toxicity Studies in Mammalian Cells

5.4.1

Cell Adhesion Assay
The ability of the HEK cells to reach confluent condition in presence of the composite

film was tested. HEK cell were cultured following the procedure indicated above, then cells were
removed from the well, and deposited in a new 6-wells plate containing the composite as films.
ND film was also made using the chemical vapor deposition (CVD) technique on silicon [10];
while films of ND-Pani and Pani were deposited on silicon by the drop casting method after
properly cleaning before in contact with HEK cell line. A silicon piece with no film was used as
a control sample. The medium and film were removed from the wells after 24 h. Each well was
washed to remove the non-attached cells with PBS and toughly dried before using with crystal
violet. The pictures were taken by optical camera using low magnification conditions.

Figure 5.5 - Optical images of confluent HEK cells cultured in presence of ND-Pani films for 24
h; nanocomposite was diluted in dimethyl methylphosphonate, and then deposited in silicon
pieces (20 × 20 mm) by drop casting
Figure 5.5 shows the optical images of HEK cells cell grown on ND-Pani films. The
observed cells grown on the samples indicate the toxic effect is low or null regardless of the
regular morphology of the cells. Similar results are observed for the experimental replicates
attributing that cells could still grow in presence of ND-Pani nanocomposite films.
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The results of the adhesion assays show the culturing cell on a stable film, which allows
HEK cells to create a nearly confluent film in Figure 5.6 for ND and ND-Pani films, respect to
the control sample. In contrast, pristine Pani film has delaminated during the experiment
resulting in a high toxic effect over the cell line. High toxicity for Pani has resulted from the
dissolution of the film in the broth medium, indicating film becomes part of the medium during
the end of the experiment in an extremely higher concentration. The ND demonstrates a low
influence on the cells life process and the bio-film in ND depicts uniformity comparable with the
control sample. The inclusion of nanodiamond in the Pani matrix enhances the stability of the
film. The Pani conducting polymer is found to be very toxic while conjugation with ND reveals
less toxic to cell indicating that Pani with conjugation to ND could be exploited for cellular
uptake materials.

Figure 5.6 - Optical images for adhesion assays of HEK cells cultured in presence of silicon
substrate (control), Nanodiamond (ND), ND-Pani and Pani for 24 h
Figure 5.7 shows the optical images of confluent HEK cells grown in presence of
polyethylene glycol (PEG) powder, and ND-Pani at different concentration using as a
background solution the regular nutrient broth for HEK cells. In this case, PEG was used as a
positive control. It is possible to realize that ND-Pani presents a low toxic influence on the cells,
even at higher concentrations. The increment in the ND-Pani concentration causes a slight
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increment in the toxicity as indicated by the lower dark in Figure 5.7. This fact indicates a
concentration dependent toxicity of the ND-Pani towards HEK cells. The PEG at low
concentration has also displayed similar results as compared with ND-Pani and control sample
measurements.

Figure 5.7 - Representative optical images of confluent HEK cells cultured in the presence of
Nanodiamond-Pani and PEG both in powder form at different concentrations.

Figure 5.8 - Quantification of the cells adhered to the wells in adhesion experiments presented in
Figure 5.7; data are represented as the mean ± standard deviation (n = 3); statistically significant
differences in cells adhered for a ND-Pani dosage and the control are indicated by asterisk (*)
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A quantitative estimation of the dark, in Figure 5.7, was performed using Image J (Image
process and analysis software) and summarized in Figure 5.8. A t-test assuming unequal variance
for two samples was used as a statistical test. The results are shown in the figures that are
expressed as means ± standard error (SE) of three replicates of each experimental condition
using cells from the different cultures. Significant effects were considered with p-values <0.05.
The results indicate that there is not a statistical difference between the 1

𝜇𝑔

𝑚𝑙 ND-Pani

concentration and the control sample. Any higher concentration treated presented major effects
on the toxicity as shown in Figure 5.8.
5.4.2

Cell Viability Assay

Figure 5.9 - Toxicity assay of ND-Pani on HEK cells treated with different concentrations of the
composite and PEG (positive control) for 24hours; a set of cells that were not incubated with
ND-Pani was used as a control sample; data are represented as the mean ± standard deviation (n
= 3); statistically significant differences in results between a ND-Pani dosage and the control are
indicated by asterisk (*)
The toxic effects of ND and ND-Pani composite powder in human embryonic kidney
cells, (HEK293) were tested by using MTT assay kit (Roche Diagnostics). The cells were seeded
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in a 96-well cells read plate, and grown under 5% CO2, at 37 °C confluence. Cells were fed prior
to experimentation. Cells were exposed to the materials by replacing the regular growth medium
with containing medium at different concentration ranging from 0.1 to 10 𝜇𝑔/𝑚𝑙 for a total
working volume of 100 𝜇𝑙. Equal molar concentration of polyethylene glycol (PEG) was used as
a positive control. The baseline control is defined through an additional set of cells that are left
with no treatment. All of the experiments were performed in triplicate for statistical analysis.
Additionally, experiments with the materials indicated above as films were also
performed. Afterwards, total confluence condition and nutrient medium replacement through a
piece of silicon with a film of each material, was dipped into the well with a total volume of 2 ml
for 24 h. Toxicity of the nanocomposite film has been determined after 24 h of the incubation of
the nanomaterials by using optical cell imaging techniques to detect morphological alterations in
the cell line. A set of optical low magnification images, as well as a quantification of the
percentage of area covered by the cells using Image J was also taken under consideration. At the
end of the incubation, the medium and film were removed from the wells, and washed with
phosphate buffer (PBS) for removing the non-attached cells. The cells adhering to the wells were
imaged after each were stained though crystal violet.
Figure 5.9 shows the MTT assay for HEK cell line under the influence of ND-Pani and
PEG powder at different concentrations. This experiment confirms the observation of
concentration dependence toxicity of the ND-Pani nanomaterial. The ND-Pani demonstrates that
under low concentration, the influence on the regular metabolic process is nearly negligible and
the influence only increases at higher concentrations nanocomposite.
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5.4.3

Toxicity Study in Bacteria Strain
Toxicity of the ND-Pani nanocomposite is evaluated for bacterial strains using E. coli as

a model. Figure 5.10 shows that the influence of the material growth rate, which is null for
bacteria strain used in our experiments. Comparing the initial behavior of the curves, a small
increment in the time lag is observed for the increase of the concentration delaying the starting
point for the exponential part of the bacterial growth curve. Despite such observation,
interestingly after some time, all of the curves behave in similar fashion and overlap to the
control curve at the end of the exponential segment. The dynamic response is observed in Figure
5.10, indicating not only the similar growth rate, but also equal bacteria in final concentrations.
Figure 5.10 indicated that ND-Pani nanocomposite has no toxic effect on E. coli.

Figure 5.10 - Growth rate of E-Coli bacteria strain in presence of ND-Pani composite at different
concentration
5.5

Summary
Our experimental findings reveal the nature of toxicity of synthesized Pani and ND-Pani

nanocomposite materials, both in powder and film forms. The ND-Pani depicts a concentration
dependent toxicity to HEK cell line. No statistical difference is observed in the MTT assay for
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ND-Pani and PEG (positive control) and control sample at low concentrations (0.1 µg/ml and 1
µg/ml), whereas the higher concentration of ND-Pani could result less toxic than controlled PEG
samples. The obtained results on such novel material could find bio-applications at lower
concentration with no critical influence to the life processes in cells. However, determination of
the adequate concentration of nanomaterial which would allow accomplishing bio-applications
dealing with more complex physiological processes under in-vivo models is still needed.
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6: Conclusions and future work

Chapter 6:
Conclusions and Future Work
6.1

Summary and Contributions to Field
This dissertation work has presented the synthesis, characterization, and application

towards electrochemical biosensors of different nanodiamond based materials. Initially, the
nanodiamond particles were used as seeding points to create conducting and non-conducting
nanocrystalline diamond films. The films were chemically and biologically functionalized and
tested for glucose determination. Later, after some limitations associated with the low
conductivity of the mentioned diamond films were observed, nanodiamond particles were
introduced as supporting materials in polyaniline conducting polymer composites. The research
work with the conducting composite was further investigated under iron oxide surface
modification, to study the amplification capabilities of the overall structure. Finally, a toxicity
study of the materials mentioned over human epithelial kidney cells were conducted to
demonstrate biocompatibility and place the studied platform as potential platforms for
implantable biosensors.
For the study in nanodiamond films, the results indicated that the as-prepared
nanodiamond can be stable, biocompatible, and useful for biosensing applications. Our result has
revealed that nanodiamond film can absorb glucose oxidase effectively due to the high surface to
bulk carbon atoms available for immobilizing biomolecules. The prepared NND and ND
diamond films deposited on n-Si substrates are studied using FTIR, AFM and Raman studies.
The linear response of the enzyme electrode to glucose is from 1 x 10-6 M to 8 mM with
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response time less than 2 minutes. The film material, morphology and film fabrication condition,
and immobilization conditions have been found to affect the electrode performance. Further
electrochemical characteristics of the nanodiamond allow developing sensitive glucose
biosensors. The important information, such as fast sensing and the stability of NND/GOX or
ND/GOX probes, have opened the venue to use other enzyme immobilized NND biosensors.
The electrochemical experimental work done with the ND-Pani/GOX, towards the
quantification of glucose, demonstrated the ability of the nanocomposite to detect the analyte
with fast response time, and excellent signal-to-noise ratio, compared to the results obtained with
the polymer films. The addition of nanodiamond particles produced an increment in the active
surface area of the electrodes as indicated by Randles Sevcik analysis. The addition of active
area was also measured by atomic force microscopy. The available active area of the electrode
allows fast diffusion process of the analyte near to the active enzymatic center, thus improving
the biosensor sensitivity. The sensitivity of the ND(0.6)-Pani/GOX resulted higher compared to
the other materials tested. Further, the ND(0.6)-Pani/GOX robustness and storage activity were
evaluated. The biosensing structure displayed high selectivity to the analyte under study
(glucose) in presence of dopamine, ascorbic acid, and serotonin interference compounds.
Amplification strategies for low concentration sample quantification were studied using
iron oxide modified electrodes (ND(0.6)-Pani/ Fe3O4/GOX). The results from this experiment
demonstrated an important increment in the signal recorded for two low concentrations.
ND(0.6)-Pani/Fe3O4/GOX response resulted higher than its counter part ND(0.6)-Pani/GOX, and
notably higher than the observed signal from the conducting nanodiamond film. Further, this
structure was used to demonstrate the capabilities of the proposed platform as generic
electrochemical platform detection. Experiments to quantify cholesterol in buffer solution were
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also conducted. For this case, the electrodes were functionalized with multiple enzymes to
promote a complete cholesterol reaction yielding hydrogen peroxide. The ND(0.6)Pani/Fe3O4/ChOx-ChEs-HRP structure showed a concentration dependent steady state current
under amperometric conditions.
Experimental findings for the toxicity study reveal the nature of toxicity of synthesized
Pani and ND-Pani nanocomposite materials, both in powder and films forms. The ND-Pani
depicts the concentration dependence toxicity to the HEK cell line. No statistical difference is
observed in the MTT assay for ND-Pani and PEG (positive control) and control sample at low
concentrations (0.1 µg/ml and 1 µg/ml), whereas the higher concentration of ND-Pani could
result less toxic than controlled PEG samples. The obtained result on such novel material could
find bio-applications at lower concentration with no critical influence to the life processes in
cells. However, determination of the adequate concentration of nanomaterial, which would allow
accomplishing bio-applications dealing with more complex physiological processes under invivo models, is still needed.
6.2

Recommendations for Future Work
In this dissertation work we have developed and applied a methodology and experimental

approach to in-situ synthesis of nanodiamond based materials for electrochemical detection and
quantification of biological compounds. The materials were evaluated under voltammetry and
amperometric techniques; these techniques have been showed to provide an attractive reliabilityto-cost ratio for industrial application. This methodology could be used to investigate new
materials structures for amperometric biosensing. Certainty, there is room for further
improvement beyond the results presented in this research work.
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In this research work we have showed results for nanodiamond-polyaniline composites,
however, there are other conducting polymers that could be evaluated. For example, polypyrrole
is another conducting polymer highly biocompatible. Literature indicates that polypyrrole could
be more conductive than polyaniline; however, its mechanical stability and delamination
problems present a limitation for suitable applications. A co-polymerization approach, where the
polypyrrole and polyaniline are synthesized in presence of diamond nanoparticles, can be studied
to overcome the aforementioned problem.
Also, the signal amplification strategy can be further investigated. The iron oxide
nanoparticles used in this dissertation are non-water soluble particles, therefore, hexane was used
to disperse and drop-cast them onto the electrode surface. A ligand exchange procedure can be
applied to the particles to make tem water-soluble. This change in the solution for the
nanoparticles opens the possibility of enzymatic functionalization directly onto the magnetic
nanoparticles and can avoid structure changes on the electrode surface due to the exposure to
hexane.
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Appendix C: Imprinted Electrodes Layout

Figure C.1 - Imprinted electrode layout. Units are in millimeter
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